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Abstract 
This study has arisen because of the requtronent f o r a 4 CHz, yX) MHz 
bandwidth, parametric amplifier w i l i i a noise temperature of less than 20^^, f o r 
the proposed s a t e l l i t e coimnunication system and i s concerned e n t i r e l y with 
nondegenerate pa3:rametric aniplifiers using variable capacitance (varactor) diodes. 
Although a l l the measurements involved were at 4 GSz* much of the theory and 
most of the conclusions of the study can be applied to any part of the micro-
wave frequency range ( i . e . from 1 to at least 40 GHz), 
A theoretical study of the l i m i t a t i o n s on bandwidth has been made and good 
agreement between the measured and theoretical bandwidth of a single diode 
amplifier i s observed, 
A novel foim of l i q u i d helium cooled broadband amplifier, using two single 
tuned, single diode amplifiers, separated by a quarterwave section of transmission 
l i n e , has been realised. This type of amplifier has the advantage of requiring 
no external mechanical timing readjusiments on cooling to l i q u i d helium 
temperatures. The g a i i ^ , bandwidth product measured fo r t h i s device i s twice 
the gaiiil' . bandwidth of a single tuned amplifier, as predicted from the 
theory. A 4 GHz amplifier of t h i s type producing a noise temperalaire of less 
than 20°K over a 250 MHz bandwidth at 30 dB gain or over a 500 MHz bandwidth at 
15 dB gain, i s described. Greater bandwidths shoxild be available using the same 
broadbanding technique on two balanced diode amplifiers. 
I5ie magnitude of shot noise i n parametric amplifiers has been deteimined by 
measurements on two single diode amplifiers at room temperature and the factors 
influencing amplifier noise at veiy low temperatures, have been investigated by 
a series of noise measurements on two l i q u i d helium cooled devices. 
F i n a l l y , some possible future trends i n amplifier design are considered. 
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L i s t of Symbols 
B bandwidth 
C capacitance 
Oj varactor jxinction capacitance 
Ct varactor t r a n s i t i o n capacitance 
Cj varactor encapsulation capacitance 
e electronic charge 
f frequency 
fg varactor c u t - o f f frequency 
g amplifier gain 
h Planck's constant 
j complez operator 
k Boltzman's constant 
kg e l e c t r i c a l conductivity 
k^jj thermal conductivity 
K parametric amplifier gain constant 
Kg heat transfer constant 
1 length 
L inductance 
Lg varactor series stray inductance 
n varactor junction impurity p r o f i l e constant 
P pump power 
Q resonant c i r c u i t q u a l i t y factor 
R resistance 
Rg generator/load resistance 
Rs varactor t o t a l series resistance 
T temperature 
V v e l o c i t y of l i g h t 
V voltage 
Y admittance 
Z impedance 
Zp characteristic impedance of transmission l i n e 
Y varactor capacitance v a r i a t i o n factor 
r voltage r e f l e c t i o n coefficient 
X wavelength 
T l i f e t i m e of c a r r i e r s 
4> diode barrier potential 
a angular frequency 
( i v ) 
Subscripts 
0 refers to condition of resonance or zero v o l t s bias as applicable, 
1, 2, 3 r e f e r to signal, i d l e r and ptmip c i r c u i t s respectively. 
(v) 
1. Introduction and General Theory 
1.1 Introduction 
The term parametric amplifier i s used to describe a series of devices 
i n "fihioh. gain i s obtained by a transfer of power frwn a periodic source via a 
nwi-linear reactance. This process, by i t s very nature, should be possible i n 
any mechanical or e l e c t r i c a l system, at any frequency, a l t h o u ^ the techniques 
by r/hioh i t may be obtained w i l l obviously d i f f e r greatly with frequency. 
The amplification was possible by such a process was anticipated by Hartley 
i n 1936 viho described the p o s s i b i l i t y of o s c i l l a t i o n i n systems with non^linear 
reactance. A practical arrangement of a parametric amplifier was f i r s t proposed 
by Suhl i n A p r i l 1957 using non-linear magnetic coupling i n f e r r i t e material at 
gyranagnetio resonance. Such a device,at a frequency of 4 . 5 GHz, was successfully 
b u i l t by Weiss (1957a) i n that same year, U h l i r ( l 9 5 8 a ) anticipated the potential 
of pn junction diodes as non-linear elements and the f i r s t microwave parametric 
amplifiers using such varactor diodes, to be described i n the l i t e r a t u r e were 
those of Heffner and Kotzebue (1958) and Hermann, Uendhara and U h l i r ( 1 9 5 8 ) . 
Oenohara ( 1 9 6 3 ) described a l i q u i d helium cooled 4 GHz parametric amplifier 
developed f o r a very low noise temperature (< 2 0 ^ ) , Such devices, with 
c c H n p a r a b l e noise temperatures to a maser, but with a greater bandwidth po t e n t i a l , 
are beginning to replace the maser i n many applications. 
This study i s concerned e n t i r e l y with microwave amplifiers and has arisen 
because of the requirement f o r a wideband ( > lOjJ) low noise (< 20*^ noise 
teniperature) an5>lifier i n the proposed s a t e l l i t e telecomDnunlcatlon eystem. The 
amplifiers described i n t h i s study were developed primarily to meet t h i s 
requirement and therefore operate at 4 (S-z, but most of the conclusions of the 
study apply to devices i n any part of the microwave frequency range, ( i . e . 1 to 
at l e a s t 40 GHz), 
1.2 General Remaifcs 
The amplification process can be iUustarcited i n a general manner.. I f 
a signal fg i s mixed with a signal of h i ^ e r frequency and power l e v e l , f p , 
( f i g , 1 , 1 ) i n any system which stores energy non-llnearly, then inteimodulatlon 
products w i l l be observed to an i n f i n i t e order of harmonics. So fp - f j , 
fp + f g , 2fp - f g , 2fp + f s , fp - 2fs, fp + 2fs etc, w i l l be produced, ( f i g , 1,2), 
tiie magnitude of the h i ^ e r order terms depending on the magnitudes of the 
co e f f i c i e n t s i n the algebraic expression which represents the non-linearity. I f 
a l l frequencies other than f g , fp and fp - ^ are suppressed by etpplying short 
or open c i r c u i t s , and currents are allowed to flow at fp - fs> (called the i d l e r 
frequency, f j ) , and at fg and f p , then fu r t h e r interaction between fp and fp - fa 
1, 
+ s 
— a 
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w i l l produce an output at f g , the magnitude of irfiich w i l l depend on the power 
dissipated at the i d l e r frequency and the magnitude of the input signal. This 
can be seen to be an amplification process, but i t i s necessary to construct 
an impedance matrix f o r the device, i n teims of the currents flowing at the 
various frequencies, i n order to establish the conditions f o r amplification. 
The device that has j u s t been described, i n which currents flow at the signal 
frequency, a h i ^ e r pump frequency, and the difference between the two, i s known 
as a three frequency non-rdegenerate parametric amplifier and exhibits negative 
resistance at both signal and I d l e r frequencies. I f current was allowed to flow 
at the sum of the punip and signal frequencies, then i t can be shown that t h i s 
would contribute a positive resistance to the signal c i r c u i t j furthermore i f 
equal currents flow at the sum and difference frequencies, t h e i r effect at the 
signal c i r c u i t would cancel out, to a f i r s t approximation, and the device wovild 
not produce gain, 
A special case of the three frequency parametric amplifier i s evident when 
the pump frequency i s equal to twice the signal frequency and fp - fg =? f j «= fs» 
so that the i d l e r c i r c u i t i s Indistinguishable from the signal c i r c u i t . This 
type of ampl i f i e r i s referred to as "degenerate". As negative resistance occurs 
at both signal and i d l e r frequencies about a centre frequency, fp/2, the output of 
such an ai n p l i f i e r can be mixed with an o s c i l l a t o r at fp/2, to give upper and 
lower sidebands, bcUa containing signal information. Thus a degenerate device 
i n such an arrangement w i l l give 3 dB higher gain than a comparable non-degenerate 
device, and an improved noise figure. However, phase information from the pvmrp 
source i s d i r e c t l y transferred to the i d l e r c i r c u i t , which means that, unless 
the device i s used i n a single-sideband configuration, i t cannot be used for 
telecoimnunioations without a phase-looked pumping system. As a single-sideband 
amplifier, the degenerate device i s i n f e r i o r to a nondegenerate device, from 
both noise and bandwidth points of view, and i s thus not considered i n t h i s study 
which i s directed towards the developnent of devices f o r teleconmrunications. 
However, whenever a band of noise has to be amplifier, f o r example i n radiometry 
or radloastronomy, the degenerate amplifier i s often the best and simplest 
system to use. Although t h i s study i s concerned with non^degeneirate devices, most 
of the conclusions can be d i r e c t l y applied to degenerate devices. 
1.3 Manley-Rowe Equations 
The power flow i n non-disslpative non-linear elements i s governed by 
the Manley-Rowe equations, which are themselves r e l a t i v e l y simple, but t h e i r 
derivation as given by Manley and Rowe (1956) i s complex. For any lossless non.-
l i n e a r element, with two impressed frequencies f, and f 2 , the power flow P 
int o the reactance at any frequency, mf^ + nfg i s given by: 
2. 
ZLi Z-i mf, + nf 2 
The s i i n p l i c i t y of these equations and the fact that they are known to hold 
i n many situations other than that of non-linear reactances, ( f o r example they 
hold f o r gear boxes, induction motors, and masers), has encouraged others to 
f i n d a more fundamental and general proof than that given "by Manley and Rowe f o r 
non-linear reactances. A very simple demonstration of these equations can be 
obtained from quantum mechanics (Welss 1957b and Brown I 9 6 5 ) , but t h i s has been 
objected to as a proof i n so f a r that i t would imply complete generality 
covering situations f o r which the Manley-Rowe equations are known not to hold 
(Schulz-DuBois and Seldel I 9 6 6 ) . A rigorous and general proof i s therefore 
s t i l l sought f o r these equations (Penfield P, I 9 6 6 ) , but as f a r as non-linear 
reactances are concerned, t h e i r proof has been established by Manley and Rowe, 
I f the general relationships are reduced to the case of the three frequency 
non-degenerate parametric amplifier, when the frequencies present are f g , f p , 
and fp - fg = f i , thent 
^ + ^ o 0 1,1 
- s - + 7 - = 0 1,2 
I n equation 1 , 1 , Pp, the power supplied at the pump frequency, i s positive and 
hence Pj must be negative representing flow out of the reactance. I f Pj i s 
negative then ^ must also be negative and power must be delivered to the load 
at Pg, Negative resistance i s thus evident at f j and at fs with the p o s s i b i l i t y 
of. o s c i l l a t i o n . I f additional impedances are included i n the c i r c u i t s at f j and 
f g , then the device can give gain vHiich w i l l be controlled by the characteristics 
of these impedances. For t h i s very reason that the gain and other characteristics 
of negative resistance parametric amplifiers are controlled by c i r c u i t r y external 
to the non-linear reactance, these general power relationships are of l i t t l e use 
i n the f i n a l r e a l i s a t i o n of amplifiers. C i r c u i t r y external to an ideal non-
l i n e a r reactance w i l l include the resis t i v e loss, stray inductance and stray 
capacitance that w i l l be associated with a real non-linear element, and w i l l 
modify or determine the gain, noise and bandwidth of an amplifier, 
3. 
1.4 Noise Temperature D e f i n i t i o n 
The effective input noise temperature i s a convenient measure of the 
noise performance of low noise amplifiers. This i s defined as the temperature 
of the input termination to the amplifier Yfcich results i n double the output 
noise power per u n i t bandwidth to that which would occur i f the input teimination 
were at a temperature of absolute zero. I n other words, a noisy amplifier i s 
represented as a noiseless amplifier, terminated i n a resistance at T^, the 
effective input noise temperature. 
The effective input noise temperature i s thus related to the noise fi g u r e , 
Triiich may be defined as the t o t a l noise power per u n i t bandwidth available at 
the output of an amplifier, divided by the t o t a l noise power per u n i t bandwidth 
at the input from a teimination at 290*^ (IRE Standards on Electron Tubes 1957). 
That is5 
No 
P (noise figure) = .......1.3 
where T. » 290*^, Th\is with a termination at T,, the noise temperature referred 
to the input terminals i s PTQ, Of t h i s . To i s due to the source, so the 
remainder, ( P - 1)To, i s what has been defined as the effective input noise 
temperature. Thus; 
T^ = ( F - 1) 
» ^ o l ^ ^ - 1-4 
and No i s the noise power delivered at the output from the tenninatlon at the 
input plus noise added from within the amplifier, i .e.; 
No = Nj + N^ 
o gfcToB + N^ 
where N^ i s the noise power, generated withi n the amplifier, that i s delivered 
to the output terminals. 
4. 
2 . Varactor Diode AmTPlifiers 
2.1 General 
A l t h o u ^ a few other fonns of non-linear reactive elements have been 
used i n parametric amplifiers (e.g. Weiss 1957a and Bridges and Ashkin I 9 6 0 ) , 
varactor diodes have shown most potential. To date the p-n junction varactor 
has been extensively used but may be superseded by other types, such as the 
Shottky b a r r i e r varactor (e.g. Foxell and Summers I96O) or the space-charge 
varactor (Howson, Owen and Wright), 
2 . 2 Derivation of Diode Impedance Matrix 
Whatever diode i s used, a l l types exhibit voltage variable capacitance, 
which by d e f i n i t i o n i s non-linear capacitance. That i s , f o r linear capacitance 
Q = CV, but f o r a varactor Q = C(v)V, and so, 
§ = ^ ( c ( v ) V ( t ) ) 
I f sinusoidal voltages are applied to the varactor and the condition i s 
maintained at one of the voltages (the puinp voltage) i s much larger than the 
others, then C(v) may be expressed as a time varying capacitance by the use of 
a Fourier series, and so5 
( c ( t ) V ( t ) ) 2.1 dg jd. dt " dt 
Now i t can be shown (Shockley 1949) from consideration of the charge d i s t r i b u t i o n 
across l i n e a r l y graded and abrupt p-n junctions that the capacitance variation 
with voltage can be expressed; 
Q 
i n vdiich V i s the applied voltage, <f> i s the diode contact potential and n i s a 
constant depending on the junction impurity p r o f i l e . This relationship assumes 
that the diode t r a n s i t i o n capacitance i s much larger than the storage capacitance, 
a condition which precludes h i ^ forward currents. For a large sinusoidal 
voltage Vp (frequency u) and bias equation 2 . 2 becomess 
C^  
C(v, t ) = r J- r-1. 2 . 3 
(Vjj + Vp C O S wt j i n 
which represents the conditions that exist i n a three frequency parametric 
amplifier with a pump le v e l much greater than signals at any other frequency. 
From the Fourier representationJ 
C ( t ) = CQ (1 + aicos&rt + a2Cos2a)t + a3Cos3tit ,,.) 
5. 
and as / 
I C(t) cosnat , dart 
the c o e f f i c i e n t s a„ can be calculated, e,g.i 
cosut , daft ,.....»2,4 
\ + Vp cosftrt 
Equation 2,4, an e l l i p t i c i n t e g r a l , can be solved numerically f o r values of bias, 
contact p o t e n t i a l , pump voltage and junction characteristic nj which solution i s 
plotte d i n f i g s . 2,1 and 2,2, Even f o r abrupt junction varactors the coefficient 
ag i s an order of magnitude less than ag, f o r the same conditions of pvimping, and 
since i t i s a factor i n which determines the negative resistance at a given 
frequency ( t h i s i s seen l a t e r ) , and higher order terms are usually neglected. 
Thus to a good approximation; 
Ct = Cjj (1 + a^  cos&rt) 
or, i n complex notations 
C, [ l +Y,(e3'« + e - * « ) ] 2.5 
a. vsbere Y , = —i. ' 2 
Y^ i s c a l l e d the capacitance variation factor and represents the capacitance 
v a r i a t i o n at the fundamental frequency f o r an applied sinusoidal voltage. (The 
subscript w i l l not be used i n further analysis). 
An impedance matrix may now be constructed f o r the diode. I f the only 
small signal currents and voltages present i n the three frequency nondegenerate 
amplifier ares 
V = V, e^ '^ i'^  +V*e'^V ^M^e^^k^ ^ 
I = I^eJ^jt + I 'Je-J^it + l^eifozt + ij©"*^' 
(viiere and ^2 angular signal and i d l e r frequencies respectively, so 
tha t , + W2 = 6i}7 the angular piimp frequency), then substituting these small 
signal voltages in t o equation 2,1 and using equation 2 , 5 , gives two equations for 
current which can be expressed by the following matrix, i f a l l voltages other 
than V^, V2 and are set to zero, g 
I n i t i a l s 
ttitt O :::;:itJ£T3t:ali±a:; 
9 
! I i! ' ! i 4444I4-;TI-H 
0) Q) 
M CO 
Initials.. 
Date 
6\ 
1 1 
Si 
I'; < 
!^ • i 
i 
•3! 
^ I 
.O j 
&\ 
v> 
(1) -H 
U 
OJ 
+J 
C 
> 
P 
> 
a 
-P H O 
. CO 
•H 
pq 
CO 
pi 
CO 
J > 
CM 
O 
c 
tc 
•H 
o 
o 
1 
. -U. 
U - xj'T 4 441.: t; -U-i-i-t- ujJ 
o CO i i : 
CO 
H 
•H O 
cq t> 
+}-H-r'Tt- —^--'-H-fry+iii: 
- f t r n f " 
O 
EH s-i 
r -1 - J — 
OJiCe 
0)2^ 0 
J 
r 1^ 
I t i s impossible, "because of integral resistive loss, to short circuit a l l 
voltages other than , and Vj i n a real diode, and i t is therefore more 
realistic to construct a larger matrix involving harmonics to a high order, and 
to set tinwajited currents to zero instead of voltages. This open circuit haimonio 
condition results i n the following matrix; 
1 T . 
—. — 
<^0„ (1 - Y^) 
WiCo (1 - Y2) 
a>2Co (1 - Tf^ 
w^o (1 - Y2) 
^^ich ia identical to the previous matrix i f , 
Cj = Co (1 - Y2) 
I t i s seen from this so called small signal matrix, that when the idler circuit 
is terminated i n E2, a negative resistance, ^ appears i n the signal 
ci r c u i t . To prevent 3 dB power sharing between input and output and to improve 
s t a b i l i t y , such a negative resistance is most successfully utilised i n 
conjunction with a circulator, (A device i n which power is guided from one 
port to the next with l i t t l e loss and with l i t t l e transfer of power to other 
ports.) A l l the amplifiers used i n this study are of the reflection type for 
these reasons. Many attempts at operating parametric amplifiers without 
circulators have been reported, which have involved terminations at the uppeiv 
sideband frequency, quadrature pumping of phased diode arrays, or periodically 
loaded transmission lines, but these are a l l relatively con5)lex and have so far 
given inferior results to reflection amplifiers (e,g, Bobisch and Sondhauss I965 
and Engelbrecht I962). The operational bandwidth of present day circulators i s 
i n excess of that available from simple amplifier circuits, and they can therefore 
be used for this study. However, the theory relating to the bandwidth of 
reflection amplifiers as presented i n this study, is for ideal circulators 
(power trsmsfeired frcm port to port without resistive or reactive loss, and 
7. 
complete isolation between reverse porta) and mayj especially for very wide 
bandwidths, have to be modified to account for circulator reactance. Resistive 
circulator losses are considered i n the determination of amplifier noise 
temperature (sections 8 and 9 ) . 
2,3 Generalised Amplifier Equivalent Circuit 
I t i s noted that the two products on the leading diagonal of the 
small signal impedance matrix for the diode, are the diode complex impedances 
at signal and idler frequencies. A circ u i t can therefore be drawn ( f i g . 2.3) 
with the diode elements at signal and idler frequencies outside a box X,2 Xg^  
representing the transfer of inrpedance between the two circuits, A circulator 
is included i n f i g . 2,3 but the loosely coupled pump circui t i s cwnitted. The 
^12^21 
transfer function — , w i l l be real and negative i f Z* i s real and positive. 
So that; 
.2.6 
This i s the condition for resonance, when represents the signal circuit 
negative resistance, Now the power gain of a reflection amplifier i s given l y 
the square of the reflection coefficient; 
gain 12 r (for Rg = R j 2.7 
i n vdiich, on resonance, Zm is real and negative. The diode negative resistance 
must therefore be transfoimed to the value necessary to give the reqviired gain 
from equation 2.7, which i s the function of the transfcmer Tj shown i n f i g . 2.3, 
I f R^  i s the transformed value of input impedance, as seen by the diode, and the 
total signal c i r c u i t negative resistance (on resonance) is R, then for a given 
gainj 
2.8 R'g = -KR 
i n which K i s given byj 
K I^JlJI ± — 2 s L . 2.9 
( g - 1 ) ( g - 1 ) 
and g i s the amplifier gain. At h i ^ gain (> 20 dB), K « 1. 
2,4 Diode Parameters 
The importance of the capacitance variation factor i n determining the 
negative resistance ( i t is proportional to Y^) has been seen, but vmfortunately a 
real diode exhibits additional characteristics to non-linear capacitance. 
8. 
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F I G . 2 .3 G E N E R A L A M P L I F I E R EQUIVALENT C IRCUIT 
WITH AN I D E A L L O S S L E S S VARACTOR 
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F I G . 2 .4 . FORM OF DIODE C U R R E N T VOLTAGE AND 
C A P A C I T A N C E - V O L T A G E C H A R A C T E R I S T I C S 
in, 
VOLTAGE 
The rectifying property of p-n junction devices impoaoB a l i m i t on the 
capacitance variation factor. The l/v characteristics are shown alongside the 
capacitance/voltage characteristics for a typical neaiwabrupt junction (n o O.4) 
i n f i g . 2 ,4 . Forward conduction w i l l result in shot noise (discussed i n section 
8,2) and must be avoided, so the diode may be pumped as hard as the l i m i t of 
forward conduction w i l l allow, which defines a maximum T value. Because most 
of the capacitance change occurs i n or near forward conduction, there is l i t t l e 
advantage i n reverse biasing the diode. The dashed lines i n figs. 2.1 and 2.2 
show Y values for the l i m i t of forward conduction and ill u s t r a t e this. 
The fact that there is a maximum value of Y for any diode, above which 
excessive D.C, current flows, leads to a method of tuning parametric amplifiers. 
I f signal or idler circuits are off resonance and gain is obtained, then an 
excessively high value of Y and a high D.C. current w i l l be evident, due to the 
impedance i n these circuits. Moving towards resonance w i l l increase amplifier 
gain, or after decreasing the pump drive, give the same gain for less diode 
current. Amplifiers may thus be tuned for minimum diode current at a given gain, 
when conditions closely approximating to signal and idler resonance w i l l be 
attained, 
A definition of Y based on a linear capacitance/voltage relationship can be 
used to indicate the maximum useful value i.e,: 
^ = 2(1'^ ll'^'' ) 2,10 
where C^ ^^  = maximum available capacitance value (i , e , at 1 i^A foirward current) 
ancl Cjmin = capacitance value at - 1 volt reverse bias. (There i s l i t t l e 
capacitance change in the reverse direction beyond 1 volt.) 
As well as capacitance variation and rectifying properties, p-n junction 
varactors have additional reactance and resistive loss associated with them. An 
adequate equivalent ci r c u i t i s given i n f i g , 2,5 ihich in most circumstances, can 
be replaced by f i g , 2.6 (Poxell and Wilson 1965)* I n f i g . 2.6s 
V CJ ^ / 
Rg i s resistive loss associated with the various diode regions, Lg is a stray 
inductance, largely from the leads between the diode stincture and i t s 
encapsulation, and Ci is the encapsulation capacitance. O2 i s a voltage 
independant capacitance across the diode structure. Since Cj i s a function of 
applied voltage, Rg must also be, but for low values of forward current 
9. 
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this variation may be neglected and Cj taken equal to Cj, Typical values of 
these parameters are as followss-
La 0,1 to 0.8 nH 
Cj 0,2 to 0,8 pP 
Ci 0.05 to 0,3 pF 
02 0,05 to 0,2 pP 
Ea 1 to 40 
Such an equivalent c i r c u i t regards the diode transition capacitance as the 
total jvmotion capacitance, an assumption which is valid only for low forward 
currents. 
I t i s usual to specify diode loss by the cut-off frequency: 
f. 
The capacitance variation factor, Y, as defined "by equation 2,10 is often 
measured at the diode series resonance, when the encapsulation capacitance 
merely shunts ttie input signal. This form of measurement w i l l give a h i ^ e r Y 
value than can be realised i n msmy applications, vhen Ls is comparatively small 
and Ci can be regarded as a static stray across the junction. (See section 3.4,) 
The general parametric axsplitier equivalent circ u i t ( f i g . 2 , 3 ) must be 
modified to include diode loss and stray reactance, as shown i n f i g . 2.7. 
2.5 Noise Temperature 
2.5.1 General 
An amplifier with an ideal lossless varactor and the idler 
cireuit terminated i n a resistive load, can be showxi, £rom the matrix equations, 
to have an input noisie temperature of: 
Te = .2.12 
2 
vdiere Tg i s the temperature of the idler termination. I t i s therefore apparent 
that the noise temperature may be reduced by cooling the idler termination or by 
increasing the idler frequency. 
I f , however, loss i s included with the varaotor, i t i s seen that there i s an . 
optimum i d l e r frequency, for minimum noise temperature at a given signal frequency, 
determined by the varaotor loss. This can also be shown from the diode inrpedance 
matrix. I f a voltage generator Vg, is present i n the signal cir c u i t then the 
current flowing i n the output circ u i t i s given by: 
ZiZ | - Xi2X2i 
10. 
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where Z, and are the total impedances i n the signal and idler circuits 
respectively. The output power may thus be written; 
2 
^12^21 
2 
but the amplifier gain i s given bys 
gain = 
4Rg 
|2,Z2 - ^12^21 
(for Rg = R l ) 
so 
, s2 £ain 
^ el'' 4Rg 
Similarly the output power due to (V^g) i n the idler c i r c u i t iss 
,2.13 
(V*2)'X,2 Rg 
and so 
ZiZ! -^12^1 
(V |2)'|Xl2 
. gain 
4RgjZ|. 
I f the varactor loss forms the idler termination then 2.14 becomes; 
4Rg gain 
,2.14 
,2.15 
where Y and f are the usual diode parameters (section 2 .4) . input noise c 
temperature due to sources (vg, ) and (vgg) "ay be written: 
T, 4kBR, 
•• I —I 
,2.16 
I f the only signal c i r c u i t loss is Rg, then the excess noise temperature due to 
thermal sources may be written: 
T. 
11. 
1 + 
Yf^\2 
,2,17 
where T^  i s the diode temperature. This expression applies for a given 
amplifier with a fixed value of generator/load impedance, which factor should 
therefore be as high as possible. (That is as high as i s consistant with 
negligible diode current, see section 8,) Equation 2.8 defines the generator/ 
load impedance for a given gain, viz: 
K ( Y f j 2 
r, I2 
and so 2,17 may be written: 
K (Yfe) 
.2.18 
A minimum noise temperature at a particular idler frequency, for a given signal 
frequency and diode Yfe» i s seen from this equation, ( f i g , 2 , B ) . The higher Yfg 
preduct, the lower the noise temperature at a given idler frequency, and the 
higher the idler frequency necessary for the minimum noise temperature. Thus 
the Yfg product is a useful figure of merit for varactor diodes, i n that i t 
defines the noise temperature at a given signal frequency but i t w i l l be seen 
later that the product must be interpreted i n relation to other parameters, when 
considered as a figure of merit for available bandwidth. I t is apparent, from 
equation 2.18 that noise temperature increases linearly with signal frequency for 
a given Yfo product and idler frequency, the latte r being determined by the diode 
resonances for self resonant idler configurations, (see part 6 of this section). 
Pig. 2,9 shows a series of graphs of the noise temperature of reom temperature 
devices versus signal frequency for various Yf^ products at two idler frequencies. 
The noise temperature of an amplifier with a lossy diode (equations 2,17 and 
2,18) shows a linear dependence on ambient temperature and noise temperatures 
appreaching 1 or 2°K may thus be expected for liquid helium cooled devices. The 
reasons why these noise tenoperatures are not achieved are discussed i n 
section 9* 
2.5,2 The Noise Temperature of Broad-Band Amplifiere 
Equations 2,13 and 2,14 can be used to calculate the noise 
temperature at any point within the band of a broad-band amplifier. These givej 
(neglecting signal cireuit losses): 
12. 
i ' 200 ' 
Fif:.2,8 A m p l i f i e r Noise Temperature versus I d l e r Fregiiency 
S i g n a l Frequency 4 GHz • fej^^lT?^?©'^!;.V'^^i''-^ 
• . : : • I I : ' , P h j r s i c f t l Temperature 293 , 1 ! 
M40 
. ' 1 2 0 L4^ ^ 
f1 \ 
i 100 
10,1 
(,•3 ( 
60 
40 
5^ 
•rz-±n 
1 
31 
- ^  "IJ. • 
.-r+;--^-h-,T^:-. I . I '4. -'f 60 
(VX65O8) ^^t' 
0 10 20 0 40 >0 I d l e r Freq^uency 
(GH3) 
- — , 
'^ A-^ 'TT^ i • -"--7:::-.-
Z 
•a 
d 
•H 
o 
• (1) 
o 
•3 
en 
-1 rv 
J. CO 
O 
- i CO 
• O 
c o o o 
o o o o 
vdaere i s the i d l e r c i r c u i t reactance. I t i s therefore evident that c i r c u i t 
reactance i n no way degrades noise temperature, so that a broad-band device, 
derived by multi^tuning a single tuned amplifier, should not show a higher noise 
temperature, at any frequency, than that at the centre frequency of the single 
tuned device. C i r c u i t losses w i l l probably be higher with a multi-tuned signal 
c i r c u i t , but at low temperatures t h i s i s r e l a t i v e l y unimportant. 
2.6 Possible Amplifier Types 
2 . 6 . 1 General 
The requirement that currents may flow at only three frequencies 
i s the p r i n c i p a l constraint i n amplifier design. This i s f u l f i l l e d by the 
schematic arrangement of f i g . 2.7 and many e a r l i e r approaches to amplifier design 
involved the derivation of multi-element bandpass f i l t e r netwoifes at signal and 
i d l e r frequencies, i n an attempt to realise such a scheme. I t would appear 
however that not one successful amplifier design has been realised by approaching 
Hie problem i n t h i s way, f o r which there are many reasons apart from the fact 
that o v e r s i n 5)lified diode c i r c u i t s have often been used. F i r s t l y , any elemental 
values of a f i l t e r network, derived from a Chebechev approximation to a desired 
frequency response, have (with present day techniques) to be realised with 
d i s t r i b u t e d c i r c u i t s , which are not the same as Ixunped c i r c u i t s . Secondly, 
any f i l t e r structure that i s realised, has to have adjustable elements to peimit 
tuning to a pa r t i c u l a r diode, or, since the diode parameters change with 
temperature, to permit retuning at a low temperature. (The l a t t e r requirement may 
make such an arrangement p r o h i b i t i v e l y complex fo r a l i q u i d helium cooled device.) 
F i n a l l y , a l t h o u ^ an adjustable multi-element f i l t e r may be practicable for the 
signal c i r c u i t of room temperature amplifiers, the r e a l i s a t i o n of such a design 
i n terms of dis t r i b u t e d elements at the much higher i d l e r frequency i s usually 
impracticable. 
Rather than star t i n g with a complex multi-tuned design, i t has thus been 
found more pr a c t i c a l to s t a r t with the simplest of designs, that i s , single 
tuned signal and i d l e r c i r c u i t s , assess i t s bandwidth capability (which may 
already be s u f f i c i e n t f o r many applications) and then proceed to broadband i t 
by multi-tuning. 
I f single timed c i r c u i t s are to be used, i t i s apparent that the diode stray 
elements (section 2 .4 ) would be neglected to the detriment of bandwidth. Thus 
i t i s usual to make use of one of the two basic resonances of the diode c i r c u i t , 
( f i g . 2 . 6 ) as the i d l e r c i r c u i t of the amplifier. (Getsinger and Matthaei I964, 
DeJager I 964 , Aitchison et a l . 1967a and Edrich I 9 6 7 . ) 
13. 
I t i s undesirable, i n any form of amplifier, that the idler frequency 
should propagate, or that the upper sideband frequency should see a termination, 
i n the signal or pump cireuits. The signal circuit Q may not be sufficiently 
h i ^ , with single tuned cireuits, to prevent such propagation, which could lead 
to a reduction i n bandwidth and an increase i n noise temperature, (An upper 
sideband termination reduces the signal cireuit negative resistance at a 
given maximum permissible diode current and an external idler termination could 
well be at a much higher physical temperature than a cooled amplifier,) So 
even i n the simpler forms of amplifier, involving single tuned cireuits, low 
pass f i l t e r s usually have to be used i n the signal c i r e u i t , and bandpass f i l t e r s 
i n the pump c i r c u i t , 
2 ,6 ,2 Amplifiers using the Diode Shunt Resonance 
The diode encapsulation capacitance may be resonated with the 
stray indvictance and junction capacitance, and used as a self-contained idler 
c i r c u i t , (Matthaei and Getsinger I 9 6 4 ) , The circuit may be drawn as i n f i g , 2 ,10 , 
or i n expanded form as i n f i g , 2 , 1 1 , An additional inductance L i s usually 
required to resonate the diode to a given signal frequency, and i t is noted 
that the idler c i r c u i t is terminated only i n Rg, 
The centre-frequency gain of such a device may be written: 
Power gain .2.18 
and the noise temperature, due to thermal sources, i s given by equations 2,15 and 
2 .16 , The frequency response and gain/bandwidth relationship for this type of 
amplifier are evolved i n section 3,4» where i t i s noted that i n some circxamstances 
the encapsulation capacitance can be shunted vdih additional capacitance to 
advantage. 
2 , 6 , 3 Amplifiers using the Diode Series Resonance 
A short ci r c u i t can be placed acress the diode at the resonant 
frequency of the junction capacitance and stray inductance, to form the idler 
c i r c u i t . At microwave frequencies i t is d i f f i c u l t to present a wide-band 
short c i r c u i t across the diode, although a nximber of narrew band amplifiers have 
been constructed using half wavelength resonators. This type of amplifier w i l l 
be inferior to the device usiaig the shunt resonance ^  due to the natxire of the 
half wavelength resonant l i n e , unless additional idler c i r c u i t resistive loading 
i s incorporated and this is d i f f i c u l t to realise without elaborate f i l t e r s . 
14, 
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Simplicity of construction can be maintained by using two series resonant diodes 
i n the balanced configuration (Pearson and Lunt 1964)» a c i r c u i t of vAxich. i s 
shown i n f i g . 2.12. This arrangement has an advantage over the single diode shunt, 
resonant device, i n that a voltage zero appears across the diodes at the i d l e r 
frequency, i f the two diodes are i d e n t i c a l . This means that the tendency f o r the 
i d l e r frequency to propagate i n the signal and pvmrp c i r c u i t s i s minimised, w i i i i 
the consequent s i m p l i f i c a t i o n of design and greater l i k e l i h o o d of rea l i s i n g 
theoretical noise temperatures and bandwidths. 
The same expressions f o r noise temperature (equations 2.15 and 2,16) apply 
to the balanced amplifier as the single diode shimt resonant device, since the 
i d l e r c i r c v i i t termination of the former i s 2Ra and 
(vgg)^ balanced = 4(vg2 ) ^ single diode g2 
A higher noise temperature than that of the single diode shunt resonant amplifier 
w i l l , however, usually be evident, due to the lower i d l e r frequency. 
The bandwidth available from a balanced diode amplifier i s discussed and 
ccanpared with that available from other devices i n section 3. 
2.7 S t a b i l i t y 
The dependence of amplifier gain on pump le v e l (equation 2.4) allows 
an assessment of gain s t a b i l i t y i n terms of pump lev e l s t a b i l i t y . I t can be 
shown (Richardson D, I964, Carter J,W, I966) that f o r H stages of amplification 
giving overall gain, g, the gain s e n s i t i v i t y factor, F, can be written: 
N ( g i 1: F ,2.19 
F being defined as the change i n amplifier gain (dS) the corresponding change i n pump power (dB) 
This expression i s tabulated f o r a few values of gain i n table 2.1. 
Table 2.1 
Gain 
(dB) 
S t a b i l i t y Factor 
1 stage 1 J 2 stages 4 stages 
10 2.75 j 2.4 2.3 
20 10 1 5.5 5 
30 32 i 10 
• 
7.7 
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Allowing a 0,1 dB d r i f t i n pump power l e v e l i t i s seen that f o r a t o t a l gain of 
above 20 dB, a t l e a s t two stages are required, to give l e s s than 1 dB d r i f t i n 
a m p l i f i e r ga in . F o r below 30 dB gain there i s l i t t l e advantage i n employing 
more than two stages. 
Pump frequency s t a b i l i t y i s a lso an important f a c t o r , p a r t i c u l a r l y i n single 
tuned a m p l i f i e r s , A change i n pump frequency a l t e r s the band centre frequency 
and produces l e s s gain a t the new mid-band frequency, Richardson (19^) h^ :is shown 
that the change i n phase, ^ , due to a change i n pump frequency, ^^fp, can be 
wr i t ten! -
_ f l C H - 1) 
where f^  and are the s ignal frequency and c i r c u i t Q respect ive ly and E and R 
are the negative re s i s tances i n the s igna l o i i c u i t a t the new and or ig ina l pump 
frequencies , r e spec t ive ly . R thus depends on the c i r c u i t parameters as i n 
equation 2,6 and also on the punip c i r c u i t attenviation/frequency c h a r a c t e r i s t i c . 
As gain i s increased ^ ^ ^ | ) decreases to unity and since '1, ^ ^® 
s l i g h t l y l e s s than m i t y , output phase s t a b i l i t y can be poor. Low gain stages 
(15 dB or l e s s ) are thus des i rab le . 
Automatic k ly s t ron l e v e l and frequency s t a b i l i s i n g apparatus may thus be 
necessary f o r an operational system i n a receiv ing s ta t ion . 
16. 
3. Banawidth Limitat ions 
3.1 general 
The fundamental l i m i t on bandvidth f o r an i d e a l l o s s l e s s varaotor i s 
determined "by the e f f i c i e n o y of power t r a n s f e r f r a n a oapaoitance to a load. 
Such a l i m i t i s an academic one f o r miorowave padfametrio ampl i f i ers s ince l o s s 
and s t r a y inductance are always present . Pane (196O) has considered the problem 
of matching an a r b i t r a r y impedance over a frequency band and produced solutions 
f o r sane simple c i r c u i t s . Following from t h i s , a number of authors, f o r example 
Ku (1964) and Getsinger (1963), have considered the diode i n a s l i g h t l y s impl i f i ed 
equivalent c i r c u i t and derived networks f o r achieving an optimum match over a 
given ftequenoy band. This sor t of exercise i s in teres t ing i n that i t indicates 
the fundamental bandwidth l imi ta t ions when considered as a matching problem, 
but i t has been pointed out ( sec t ion 2,6) that such an approach i s not very 
u s e f u l i n the r e a l i s a t i o n of devices . However, i f improved technology should 
allow the construct ion of e n t i r e l y "limiped" microwave c i r c u i t elements with an 
integrated varaotor , then t h i s approach could be very u s e f u l . 
At the present time, w i th d i s tr ibuted c i r c u i t elements, diodes that have to 
be i n d i v i d u a l l y mounted and marked var ia t ions i n diode c h a r a c t e r i s t i c s frcm diode 
to diode i n the same production batch, the most success fu l approach to the 
r e a l i s a t i o n o f wide bandwidths involves the construction of a simple ampl i f ier 
with s ingle tuned c i r c u i t s , which may l a t e r be broad-banded with addit ional 
resonators , 
3.2 Microwave C i r c u i t Elements 
The d e s i r a b i l i t y of using "lumped" or "distributed" c i r c u i t elements 
a t miorowave frequencies must be considered. The Q fac tor of any resonant 
ciroxi it may be wri t ten: 
Q _ 2rr Energy stored 
^ ~ Energy dissipated/cytsle 
which becomes (Montganery, Dicke and Puroe l l ) a t angular frequency, u: 
- 2R d^ 
The requirement of a low reactance slope f o r a broad bandwidth i s evident and 
the reactance slopes of d i s t r ibuted and lumped c i r c u i t s w i l l now be considered. 
17. 
P i g » 3«1 ( l i n e a ) shows the reaotanoe funct ion of a h a l f wavelength short 
o i r o u i t l i n e as a funct ion of frequency, superimposed wi th that f o r a ser ies 
LC oiroxiit ( l i n e b ) with the same reactance slope at resonance. This condition 
can be w r i t t e n : 
/ \ / \ 
( • ~ | d i s t r ibuted = ^ Ivmiped ( a t resonance) 
/ \ / 
and ? 1 d i s tr ibuted = Z„ -i- sec^ 'i^-
du / ° V \ " 
\ / \ 
which a t resonance = ^ = "^T" 
where I i s the length of the short c i r c u i t l i n e , v i s the v e l o c i t y of l i g j i t , 
i s the c h a r a c t e r i s t i c impedance of the short c i r c u i t l i n e , fo i s the resonant 
frequency and where n i s the number of half-wavelengths i n the l i n e . Since: 
lumped = 2L ( a t resonance) 
/ 
wl^ere L i s the luanped c i r c u i t induetanpe, tlien: 
n 
Z » = — 2 - 3.1 
The two c i r c u i t s are thus equivalent at resonance i f the above condition i s 
maintained, but i t i s evident that a t wide frequency deviations, the d i s tr ibuted 
c i r c u i t i s more react ive than the equivalent LC c i r c u i t . Line o i n P i g , 3»1 i s 
the reaotanoe funct ion of an equivalent d i s tr ibuted c i r c u i t with n = 2 and 
demonstrates the u n d e s i r a b i l i t y of using high o i ^ r harmonios. Since the 
reaotanoe/frequency slope of a d i s t r ibuted c i r c u i t i s d i r e c t l y proportional to 
Zp, i t may be reduced at the same resonant frequency, by reducing ( e . g . l i n e 
d i n F i g . 3»1) but t h i s i s equivalent to changing the L / C r a t i o of the c i r c u i t , 
which inva l idates the b a s i s of comparison f o r the two c i r c u i t s . 
I t may therefore be concluded that the avai lable bandwidth from lo s s l e s s 
d i s t r ibuted resonant c i r c u i t s i s always l e s s than that fi^m equivalent l o s s l e s s 
lumped c i r c u i t s . I n other words, more energy i s stored per cyc le i n a non-
resonant d i s t r i b u t e d c i r c u i t than i n the equivalent lumped c i r c u i t , because i n 
the former, capacitance and inductance always occur together. 
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The case of mixed lumped and d i s tr ibuted o irou i t s which often ooours i n 
parametric amplif iers> w i l l now be considered. I f a capacitance C i s resonant 
wi th the induct ive l i n e of length I a t f^, then: 
sec 
2 hlL\ 
^ 0 V 1 + tan' 
2 fiiL 
now i f I = 77 where A >1 ( i , e , i < ^ ) then i = — 
so ix 
z. 
iiAfo 
dw - W „ 
1 + tan 
u C 
3.2 
Now the reactance slope of the equivalent lumped c i r c u i t = so: 
^ d i s t r ibuted 777-
. 2 ff 1 + tan 2„ 
0) C 
^ 1 lumped 
&) C 
but at resonance: 
so the r a t i o of the reactance slopes may be writ ten: 
'1^! d i s t r ibuted Z, 
\a.(i> 
^ 1 lumped «oCZo 
r 
0 0 / 
3.3 
As Z„ increases Z-td-C tan 
•1 1 1 decreases to uni ty , so equation 3*3 
decreases to uni ty as increases . This i s seen i n F i g . 3.2, a plot of the 
r a t i o of d i s t r ibuted to lumped c i r c u i t reactance slopes (equation 3.3) against 
Z f o r C = 0.5 pF and fo = 2f GHz and i t i s noted that f o r impedance values of 
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6o to 100 (praotioable values f o r most parametric ampl i f i er c i r c u i t s ) the 
reactance slope of c i r c u i t s containing a d i s tr ibuted inductive element i s 1,5 
to 6 times greater than the equivalent lumped c i r c u i t . The s i g n a l c i r c u i t Q of 
an a m p l i f i e r w i l l be increased by the same f a c t o r and thus ampl i f i er bandwidth 
w i l l be reduced according to the re la t i onsh ip discussed i n sect ion 3 .5 . An 
i d e n t i c a l condit ion can be obtained f o r c i r c u i t s wi th d i s tr ibuted capacitance. 
I t i s thus concluded that ind iv idua l non-resonant d i s tr ibuted elements are 
best avoided, but i f used should be made with as high impedance l i n e s as poss ible , 
3»3 Determination of Freouency Response 
The bandwidth of any c i r c u i t , no matter how complex, may of course be 
determined from the frequency response, i f the driv ing point impedance function 
i s known, F o r a given impedance funct ion Z ( f ) , the gain at any frequency f o r a 
r e f l e c t i o n an^Jl i f ier i s : 
S ^ ^ = 1^1 = I H- Z ( f ) 
3.4 
The accuracy of such a bandwidth ca l cu la t ion depends e n t i r e l y on the v a l i d i t y 
of the a m p l i f i e r equivalent c i r c u i t used, which i n part depends on the v a l i d i t y 
of the s m a l l s i g n a l impedance matrix . The impedance funct ion f o r the 
general ised equivalent c i r c u i t ( F i g . 2,3) may be wri t ten: 
. ^12^21 
where Z, and are the t o t a l impedances i n the s igna l and i d l e r c i r c u i t s 
r e s p e c t i v e l y . Subst i tut ing f o r X ^ X g , gives: 
2 
2i„ = ^ - - - ~ : i 7 
WgC Zg 
The c i r c u i t o f F i g , 2,11 applies f o r a s ingle diode shvint resonant ampl i f i er , 
wi th the fo l lowing impedance function: 
2 
2 = R^ + jX ~ ^ 3.6 
\ / 
This has been subst i tuted i n equation 3.4 using the parameters of a CAY10 diode 
(see s ec t ion 5) and the r e s u l t i n g impedance function and gain/frequency 
responses are plotted i n F i g s . 3.3 and 3.4 using lumped inductance at 4 G-Hz, 
20. 
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Gain 
CdB) 
K = 7.95 
g « , b = 345 MHz 
R . = 9'. 32 
g2.-b = 382 MHz 
g 2 . b =5 465 MHz 
•5b 
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The e f f ec t s of the i d l e r chokes on the s i g n a l c i r c u i t and the quarterwave i d l e r 
stub on the i d l e r c i r c u i t have been neglected i n the equivalent c i r c u i t of 
F i g i 2.11, but the very good agreement between th i s analys i s and bandwidth 
measurements ( s e c t i o n 6,4) oonfinns the v a l i d i t y of t h i s equivalent c i r c u i t , A 
s l i ^ t negative res i s tance v a r i a t i o n over the frequency band i s seen f o r the 
shunt resonant a m p l i f i e r , but the bandwid-^h i s l a r g e l y determined by the s igna l 
o i r o u i t reactance funct ion . Broad-banding by multituning the s igna l c i r c u i t 
should therefore be poss ib l e . 
3.4 G-ain-Bandwidth Product 
Approximations can be made ±a equation 3.4, f o r a par t i cu lar ampl i f i er 
struotvire, to derive ananaljrt ioal expression f o r bandwidth i n the foim of a 
ga in^° ,bandwidth product, dependent on the diode and o i r o u i t parameters (n » 
nuniber of tuned o i rou i t s i n the a m p l i f i e r ) . The derivations vAich are often 
quoted f o r the expression descr ibing the gain^.bandwidth product of a s ingle 
tuned a m p l i f i e r ( f o r example as i n Blackwel l and Kotzebue) involve many approxi-
nations which may sometimes be i n v a l i d f o r r e a l a m p l i f i e r s . An expression f o r 
the gain^.bandwidth product w i l l now be derived i n which the s igni f icance of the 
approximations i s c a r e f u l l y considered. The cruder approximations necessary to 
derive a gain^".bandwidth product f o r raultituned c i r c u i t s (Humphreys 19^4) 
inva l idate the use of the product as a constant f o r determining the re lat ionship 
between gain and bandwidth f o r a given amp l i f i e r , but produce an expression that 
i s u s e f u l i n comparing the perfonnance of various tjrpes of ampl i f i er at a f i x e d 
gain . 
The high Q approximation ( E v e r i t t and Anner) i s u sua l ly v a l i d f o r parametric 
a m p l i f i e r c i r c u i t s , so that the impedance of a s e r i e s resonant c i r c u i t may be 
expressed: 
Z = R + j2Q Rj^ Au 
U . 0 ) 
It* OR 
where Aw = ————— and Q, i s the loaded c i r c u i t Q. 
So^ f o r the s i g n a l and i d l e r o iroui t s of a s ingle tuned parametzdo ampl i f ier : 
X, = J 2 Q , ( r , . R > 
and X2 = j 2 Q 2 R / i ^ 
s i n o e o ) ^ , - 0 . ^ = 0 , ^ 2 - a , ^ 
21. 
Writ ing the t o t a l impedance funct ion i n the fomi Z = B + jX gives , a f t e r 
r a t i o n a l i s a t i o n ; 
R = -
1 2^ ^2 1 + 4 3 o A ^ 
3.7 
and 
so 
X = Rg + R i 2Q,Aw + 
9 "1 
u^U2C\ 1 + 4QiA^w I 
i \ 
\2' 
11 
R 
R = R, -1 / 2 \ 
i 1 + MA 0) 
3.8 
3.9 
and X s AuP = Au IN + 7 ^ 2 \ 
1^ + MA 
3.10 
where R^ i s the negative res i s tance at resonance and N, M, P and S represent 
the respect ive factors i n equations 3.7 and 3.8. Now, from equation 3.4 the 
ampl i f i er power gain may be wr i t ten: 
6 = 
/•n2 -ZCE. 
\ 8 
and the band-centre gain, g , may be wri t ten: 
3.11 
So = Rg + R 
where R = R^ - R^ 
So, at the 3 dB power points: 
1 + r 
I^R^.RV 
\2 
\2 
1 + 
! ! 
-2XR 
(R^ + R^^ + X^ 
3.12 
22, 
At high gain Rg = R and the tenn j ^ ^ ^ ^ j i s l arge , so the f i r s t 
t e m i n equation 3,12 i s smal l compared with the second. Therefore: 
2 
2R. 
V g ; 
to a good approximation. 
3.13 
or 
+ 1 
K + ^ ° ^ (1 + MA^ a> i 
Now; 
N. + 
1^ + MA^oij 
At h i ^ gain K tends to un i ty and Aa> tends to zero so; 
from equations 2.8, 3 . 8 , 3 .9 and 3.10 
but 
So: 
R. 
( R , + Ro')2Qi + 2Q2 ^ R o 
\ / "'2 
at high gain . 
(0 
A'w 
Q = 2Au 
where A'« = 3 oB bandwidth 
= 2Au.ci) 
( i , e . a t the 3 dB power points , 2Aa»Q i s u n i t y ) , and 
R» + R R — which i s negligible i f R,, > 5^,. 
Hi + Ro + ^ ^ 0 
23. 
Thus at high gain 
R . + R 
+ 1 
tends to i in i ty i f R^>5B.^, and so; 
f l A ^ a , ^ 
2 
/ 2Q2R0 rr 
-
i(Rg +R,)2Q, + 1 ~ 
^ \.1 + MA^ w 
Now R s rr - + R , (from equation 2,8) and 1 + MA^ w « 1 f o r Aw<0,1 so; 
0 K ' 
R„ 
2/2 
IK + Ri 
1^ ^ ^2 '^ Rg ^ R,^ 
where b i s the f r a c t i o n a l bandwidth between the half-power points and 
equals 2Aw, For greater than 20 dB gain K-^ 1 and 3.14 may be wri t ten: 
R 
3.14 
2V2 
g2b = 
w. 
^ 1 * 0 2 ^ 
Equation 3.15 appl ies only f o r the fol lowing conditions: 
1, H i ^ Q c i r c u i t s , 
2, H i ^ gain , i . e , K«1 
3 . Rq (band centre negative res istance)> S R ^ . 
4 . Narrow bandwidth 1 + MA^w « 1 , 
which are f u l f i l l e d f o r many ampl i f i ers above 15 dB gain. 
3.15 
24. 
1_ 
I t i s thus seen that gain^ .bandwidth i s a constant for avy s ingle tuned 
a m p l i f i e r a t high ga in . The v a l i d i t y of gain^ ".bandwidth products f o r 
multituned c i r c u i t s i s discussed i n sect ion 3»7. 
3.5 Relat ionship between Bandwidth and the Diode Parameters f o r various 
types of Ampl i f i er 
3.5.1 Self-Resonant I d l e r Configurations 
F o r a s ingle diode ampl i f i er using the shunt resonance: 
Ri = R2 = Rs 
Q2 = 
wi C Hg + Rg I 
u L 
2 s 
R s 
and at high gain Rg = - R = Ro - R i 
F o r a balanced diode ampl i f i er using the ser ies resonance: 
Ri = y R2 = 2R3 
1 
) = u " 
1 a>,2CiR„ + -2. 
\ ' 2 / 
"2^ 
^2 = R, 
and at high gain Rg = - R = Rg - "2" 
where Ro = 
2 
Equation 3.15 may thus be w r i t t e n , f o r both s ingle and balanced diode ampl i f i er s . 
as: 
2V2I ^ 
^ * 3.16 
1^ * E 8 
25. 
or , making the high gain approximation, Rg = - R , but not assuming that R^ > 
5R^, then: 
2/2 ! l -
sib H2Z 
r ^ f r 
R» 
3.17 
I t i s evident, from equation 3.16, that f o r both types of ampl i f i er , as 
high values of negative res i s tance and generator/load impedance as poss ible , are 
required . At a given s i g n a l frequency these factors depend on the square of the 
diode Y va lue , which has been shown ( sec t ion 2,4) to increase rapid ly as the 
diode i s b iased towards forward conduction. Therefore, f o r greatest bandwidth, 
the highest possible Rg value i s chosen consistent with the condition f o r 
neg l ig ib le diode current , (see sect ion 8 ) , 
The a n a l y s i s so f a r has neglected the e f fec t of diode encapsulation 
capacitance i n the ampl i f i er s igna l c i r c u i t . This can be regarded as a s t a t i c 
s t r a y across the junct ion capacitance, provided that the addit ional c i r c u i t 
inductance a t the s i g n a l frequency i s much greater than the diode ser i e s s tray 
inductance. Such a s t a t i c s t r a y w i l l reduce the diode Y value and the ampl i f i er 
negative r e s i s t a n c e . The reduced Y value can be calculated from equation' 2 ^ 0 
i . e . 
Y ' = 
2 C + C Jmin 
3.18 
and the negative res is tance becomes 
R' = -
Y Y ' 3.19 
w^ WaCfRs + w,a)2CiCjR3 
I t i s noted that the e f f e c t of the encapsulation capacitance can be neglected 
at the i d l e r frequency, s ince i t i s incorporated i n c i r c u i t i n the shunt 
resonant a m p l i f i e r and i n the balanced diode ampl i f i er has zero voltage across 
i t . 
26, 
Thus diodes wi th an encapsulation capacitance compai^ble vrith the junction 
capacitance have considerably reduced Y values and i t may be regarded as 
impract ica l that shoxild be greater than Cy I f « C j then: 
2{b.<L) - Ij^^ " V / 2(s.d.) 
I t i s thus seen from equations 3.16 and 3.17 that both balanced and s ingle diode 
c i r c u i t s have the same i d l e r c i r c u i t bandwidth, = " j , but s ince ^2{\>,A,) 
< VZfgjg or Qi(b.(i.) * " ^ K s . d . ) > avai lable bandwidth from the balanced 
diode ampl i f i er w i l l always be greater than that from the single diode ampl i f ier . 
F o r many diodes the r a t i o of the shvint to ser ies resonant frequencies i s 3 or 4, 
so that the s i g n a l c i r c u i t bandwidth of the balanced ampl i f ier i s 3 or 4 times 
that of the s ing le diode a m p l i f i e r . Diodes with comparatively large s tray 
inductances so that l i t t l e addi t ional inductance i s necessary to resonate at 
w L 
the s i g n a l frequency have « ^ s and so i f Ci < Cj then: 
Rs 
g?-Nb.d.) > 1-33 4 ^ 8 . ^ . ) 3.20 
Diodes wi th smal l s t r a y induotances, so that Q i » ' - r — , give: 
series 
Equation 3.1? has been evaluated for a 4 G-Hz ampl i f ier using diodes with a 
range of values of s tray inductance L^ and encapsulation capacitance C ^ , taking 
into account the e f f e c t of the encapsulation capacitance on the negative 
r e s i s t a n c e . F i g s . 3 . 5 , 3.6, 3.7 and 3.8 show the resxilts of t h i s ca lcu la t ion 
and i t i s v e r i f i e d tha t , with many combinations of L ^ and the gain^.bandwidth 
product of a balanced diode ampl i f i er i s 2 to 4 times that of a single diode 
a m p l i f i e r . With large encapsiilation capacitances, high inductances and high 
c u t - o f f frequencies , the di f ference between the two devices i s , however, 
minimised. (Note: the c u t - o f f frequency i s defined as ^^^^^ and does not 
inclvide the encapsulation capaci tance) . 
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The parameters of a few currently available aiodes are l i s t e d i n table 5,1 
and the performance of these diodes i n the two types of amplifier i s indicated 
on the graphs. Such present day diode structures permit either a small 
encapsulation capacitance and a""relatively large stray inductance (e.g. Mullard 
CAY10) or, a r e l a t i v e l y large encapsulation capacitance and a small series 
inductance (e.g. Mullard CXY10). Typically C^.L^o constant = 0.03 nH.pP. 
The balanced diode amplifier requires the minimum possible encapsulation 
capacitance f o r greatest gain^.bandwidth, whereas there i s an optimum value of 
encapsulation capacitance f o r the single diode shunt resonant amplifier, which 
i s defined by Lg, and fg, (see Figs, 3.6 and 3 .8) , 
For a given c u t - o f f frequency and diode Y value, there i s an optimum value 
of series inductance f o r the balanced diode amplifier and an optimum combination 
of values of series inductance and encapsulation capacitance f o r the single 
diode amplifier. For a low cut-off frequency, the optimum value of series 
inductance i s seen to be h i ^ ( f o r a given Y value) and vice versa. 
S i m i l a r l y , with a given series inductance, there i s an optimum value of 
cut-off frequency dependent on the diode Y value. This i s seen f o r the balanced 
diode a m p l i f i e r , from the graphs i n Figs. 3.9**3.''1> which were also obtained 
from equation 3.^17. Diodes w i t h very low series inductances give greater 
gain^.bandwidth products f o r higher cut-off frequencies i n a l l practical cases, 
but i f Lfl i s large (e.g. Mullard CAYIO, Lg = 0,6,nH) then increasing f. reduces 
gain^,bandwidth, due t o increased c i r c u i t Q values,The graphs, of Figs, 3»9 
t o 3.'1'' show t h a t gain^.bandwidth i s a much more sensitive function of diode Y 
value than c u t - o f f frequency, as h i ^ aY value as possible being required. 
I t i s noted that the gain^,bandwidth product at h i ^ gain f o r a balanced 
diode amplifi e r , using the CATIO varactor at 4 frHz, should be 1100 MHz ( i f no 
additional stray inductance i s added; see section 3.7.3) and f o r a single diode 
shunt resonant amplifier should be 385 MHz (o r 46O MHz with capacitance loading). 
The l a t t e r f i g u r e , f o r the shunt resonant amplifier without capacitance loading, 
shows reasonable agreement wi t h the value of 345 MHz ( a t 20 dB gain) obtained 
frcMn the gairi/frequency response of the shunt resonant device with lumped 
c i r c u i t elements (section 3 .2 ) , This l a t t e r value, from the gain/fl^^uency 
response, should be the more r e a l i s t i c f i g u r e , since no approximations or 
c i r c u i t s i m p l i f i c a t i o n s have been made i n i t s derivation, other than tiiose 
connected w i t h the small signal matrix theory (section 2 ) . At low values of 
gain (<20 dB), gain^,bandwidth i s a function of gain so that, f o r example at 
15 dB gain, 382 MHz should be obtained f o r the shunt resonant amplifier (see 
Fi g . 3 .4 ) . The use of d i s t r i b u t e d inductance at the signal ftequency, which w i l l 
reduce these gain^.bandwidth products, i s considered i n section 3 .7.5. 
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Operation of amplifiers with self-reaonant i d l e r eonfigurations at various 
signal frequencies 
The signal c i r c u i t negative resistance may be w r i t t e n as , f o r 
W2C^ R2 
eithe r type of am p l i f i e r , where R2 i s the i d l e r c i r c u i t resistance, which f o r 
the single diode amplifier i s R3 and f o r the balanced diode amplifier i s 2Rs. 
Thus, f o r the single diode amplifier, the negative resistance can be w r i t t e n ; 
and f o r the balanced diode amplifier; 
" ( b . d . ) - 2f^f2 
Since the negative resistance i s inversely proportional to the signal frequency 
f o r both types of amplifier, w i t h given values of Rs> diode quality factor 
{yt^, and i d l e r frequency (speci f i e d by the relevant diode self-resonant 
frequency) there i s a maximum signal frequency above which gain w i l l not be 
obtained, defined by: 
2 
1 ^ 2 
that is. \c J > 1 f o r both amplifier c i r c u i t s , f 1 fp 
since R, equals Rg and 2Rj. f o r the single and balanced diode amplifiers 
respectively. Hence: 
f < i ^ 5 ^ 3.22 
1 f2 
Since the i d l e r frequency i s defined by the relevant diode self-resonant 
frequency f o r each amplifier, an upper signal frequency l i m i t i s seen f o r a 
p a r t i c u l a r amplifier. However, i t has been shown i n section 2, that the noise 
temperature of an amplifier increases l i n e a r l y w i t h signal frequency f o r given 
values of Yfg and i d l e r frequency, so that the upper operational l i m i t on 
signal frequency may be deteimined by noise temperature requirements unless the 
29. 
device i s cooled. For a device, at anbient temperature T^, to produce a noise 
figure of less than 3 <3B, 290°K noise 
expressed (from equation 2,17) as: 
temperature j , t h i s l i m i t may be 
290 
f^fg 1 
2 + f <1 
or 
+ f2 
220 3.23 
which dictates a lower signal frequency l i m i t than equation 3.22, unless the 
device i s cooled. Amplifier gain^.bandwidth and noise temperature are thus 
i n t e r r e l a t e d . 
I t must be noted, however, that with many diodes, p a r t i c u l a r l y i n the 
balanced configuration, the condition f, <f2(onset of degeneracy) may determine 
the upper signal frequency l i m i t . This means that f o r telecommunications, the 
single diode amplifier w i l l operate at higher signal frequencies than the 
balanced diode amplifier, using the same diodes and Pigs. 3.12 to 3.15, which 
represent an evaltiation of equation 3.1? for gjdn^.bandwidth over a range of 
signal frequencies, i l l u s t r a t e t h i s f a c t . The dashed portions of these graphs 
indicate t h a t the condition of degeneracy has been reached, 
(The e f f e c t of encapsulation capacitance on the signal c i r c u i t , has been 
neglected i n Pigs. 3«1lL mSit 3»^S f o r both types of amplifier, since as f, 
approaches fs^-ies resonence * ^ capacitance merely shunts the amplifier signal 
c i r c u i t and could be^ resonated out at the signal frequency i n the single diode 
am p l i f i e r . The gain^.bandwidth of a balanced diode amplifier would, of course, 
be degraded by a h i ^ encapsulation capacitance, according to equations 3.18 
and 3.19.) 
3.5.2 I d l e r C i r c u i t Resistive Loading 
C i r c u i t Q values may be reduced and bandwidth increased, w i t h i n 
l i m i t s , by r e s i s t i v e i d l e r loading. I n a single diode c i r c u i t t h i s i s 
impractical because the i d l e r load has to be separated, with f i l t e r s , from the 
signal c i r c u i t . The problem then beccaHes that of broadband matching of the 
diode t o a r e s i s t i v e load at the i d l e r frequency, which, as previously discussed, 
i s d i f f i c u l t vlih d i s t r i b u t e d c i r c u i t s at high i d l e r frequencies and with 
uncertain diode parameters. 
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A simple c i r c u i t could be used f o r a balanced diode, amplifier ( F i g . 3.16) 
i n vdiich the resistance R^  i s added t o each diode. This resistance can, f o r 
the purpose of analysis, be regarded as i n t e g r a l with each diode, so that the 
c u t - o f f frequency i s e f f e c t i v e l y reduced. This i s only of advantage when the 
diode stra y inductance, Lg, and c u t - o f f frequency are large, as f o r example f o r 
a diode w i t h a c u t - o f f frequency of 450 GHz (Eg = If)) and Lg = 0,6 nH, (see 
I'ig.^3.5), when a s m a l l a d d i t i o n a l r e s i s t a n c e might be added 
to advantage.~ Such a c i r c u i t could be realised by using a lossy material to 
support ~tlie~diodes, 
3,6 Detiining due t o a change i n Pump Fewer 
The analysis of section 3*4 assun^s that the diode c i r c u i t s are at 
resonance. This condition can be realised i f a device i s tuned at a given gain 
f o r a minimum diode current, (see section 6,3) but i f , as occurs i n many 
pr a c t i c a l circumstances, the gain of the device i s changed by adjusting the pump 
power l e v e l , then resonant conditions are not maintained i n the signal and i d l e r 
c i r c u i t s . I f such an increase i n pump power decreases the signal c i r c u i t 
resonant frequency by Afg, due t o an increase i n average junction capacitanbe, 
and decreases the i d l e r resonant frequency by A f j , ( Afg 9^  Afj then the new 
i d l e r frequency, fp " (^ a^" ^^a)* represents an increase and i s ( Afg + A f j ^ 
away from the i d l e r c i r c u i t resonant frequency. Equation 3*6 can be used to 
evaluate such detxined conditions, i f the mean junction capacitance i s known as 
a function of pump voltage. The diode capacitance variation factor Y can be 
defined by equation 2,9 and i f the average junction capacitance i s written: 
^ l A = 2 
S = (1 - 2y) 
The mlnliwim value of capacitance, C^^^, can be taken as a constant f o r a wide 
range of pump voltage excursions, sime most of the capacitance change occurs 
i n the forward d i r e c t i o n . Substitution of the values of Y and CJA» determined 
at various pump levels f o r a CAYIO varaotor, i n equation 3.6 and subsequent 
evaluation of the frequency response frcm equation 3*k gives a series of curves 
shown i n Pig. 3.17. I t i s seen that the frequency of maximum gain i s no longer 
the resonsint frequency of the signal c i r c u i t , nor i s i t equal to the difference 
between the pump frequency and the i d l e r c i r c u i t resonant frequency. 
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3.7 Non-Ideal Amplifier Structures 
3«7»1 G-eneral 
I t has been assumed that one of the diode self-resonances may be 
used as an i d l e r c i r c u i t without the introduction of additional c i r c u i t elements 
that might degrade amplifier bandwidth. However, i n a comparison of the band-
width c a p a b i l i t i e s of the two amplifier types i t i s desirable t o see how close 
to the i d e a l , operational devices may be. There are two principal ways i n which 
the available bandwidth may d i f f e r fraca that predicted by the sample theory. 
F i r s t l y , due t o propagation of the i d l e r frequency outside the diode and 
consequent inclusion of other reactive networks i n the i d l e r c i r c u i t , (enlarged 
i d l e r c i r c u i t ) and secondly due to stray reactance associated with the diode 
moxint. The p o s s i b i l i t y o f current at the upper sideband i s also considered and 
the r e s t r i c t i o n s imposed by distri b u t e d c i r c u i t s , (section 3»2) are evaluated 
f o r the two types of amplifie r , 
3»7«2 Enlarged I d l e r C i r c u i t 
The property of a perfect l y symmetrical balanced diode amplifier 
i n presenting an i d l e r voltage zero across the pair of diodes, should ensure 
that i d l e r current i s confined to the diodes i n t h i s structure. However, s l i g h t l y 
d i s s i m i l a r diodes, d i s s i m i l a r l y mounted diodes, or di s s i m i l a r l y pumped diodes, 
w i l l encourage i d l e r propagation i n t o the diode v i c i n i t y . The single diode 
device has a f i n i t e i d l e r voltage across the diode under a l l conditions and 
therefore w i l l be more prone to the effects of i d l e r propagation than a 
balanced amplifier. 
I d l e r propagation i n the signal or pump c i r c u i t s must therefore be prevented 
by the use of suitable f i l t e r s (see section 4.3), but care has t o be taken that 
these c i r c u i t s do not have steep reactance/frequency characteristics at the 
i d l e r frequency. A convenient method of preventing i d l e r propagation i n the 
pump c i r c u i t i s t o use waveguide beyond cu t - o f f t o the i d l e r frequency, but i n 
eit h e r pwmp or signal c i r c u i t s r e l a t i v e l y simple techniques are available which 
should not s i g n i f i c a n t l y reduce i d l e r bandwidth, (Low-pass coaxial f i l t e r s i n 
the signal c i r c u i t and a band-pass coupled cavity waveguide f i l t e r i n the pump 
c i r c u i t are often used.) 
The gain^,bandwidth of both single and balanced diode amplifiers should 
therefore not be s i g n i f i c a n t l y degraded by spurious i d l e r propagation, but 
more care may have to be exceroised i n designing f i l t e r s f o r the single diode 
device. 
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3.7.3 Diode Mount Strays 
These are much more important f o r a balanced diode than a 
single diode device. I t i s r e l a t i v e l y easy to mount a single diode and ensure 
that only a small capacitative stray i s added to the i d l e r c i r c u i t , which would 
be negligible (e.g. i f C, = 0«3 pF) or advantageous, (e.g. i f C, = 0.05 pP or 
less, see Pigs. 3.6 and 3.8), However, i t i s impossible t o mount two diodes i n 
the balanced configuration without involving extra inductance or an additional 
resonant c i r c u i t . I f the diodes are mounted as near together as possible, t h i s 
w i l l add stray inductance (possibly 0.05 t o 0,2 nH), which w i l l not be d e t r i -
mental to am p l i f i e r performance i f f ^ and/or Lg are r e l a t i v e l y low but w i l l be, 
i f these factors are h i ^ , (see Pig. 3.5 and 3.7). Another approach to the 
mounting of the two diodes (Aitcheson et a l 1967b) i s t o set them one half 
wavelength apart, on a transmission l i n e , at the i d l e r frequency. I t i s 
necessary to have a s u f f i c i e n t l y low impedance l i n e t o ensure that the reactance 
slope of t h i s does not s i g n i f i c a n t l y degrade i d l e r bandwidth. This l a t t e r 
approach i s prcbably more useful f o r diodes w i t h a high cut-off frequency, when 
additional stray inductance would be most detrimental. 
3.7.4 Upper Sideband Currents 
I f such currents are allowed to flow, gain^.bandwidth i s 
reduced. The low-pass f i l t e r s included i n the signal c i r c u i t and the band-pass 
f i l t e r included i n the pump c i r c u i t of an amplifier, to prevent i d l e r 
propagation, can be made to serve the additional purpose of upper sideband 
r e j e c t i o n . 
I t i s convenient to couple pvimp power to a diode by a plunger one quarter 
wavelength away, and i t must be considered whether or not t h i s plunger can 
resonate at the upper sideband frequency f o r the signal and pump frequencies 
used. I n any such amplifier struct\ire, i t i s evident that the adjustment of 
t h i s plunger w i l l be c r i t i c a l , since an off-tune position would not only couple 
less pianp power but may allow upper sideband propagation, vdiioh would be 
indicated by a high diode cuirent f o r a r e l a t i v e l y low amplifier gain, a condi-
t i o n that must be c a r e f u l l y avoided i n tuning an amplifier. For t h i s reason i t 
may often be b e t t e r t o place the pump coupling plunger at 3 or 5 quarter-
wavelengths from the diode, when upper sideband rejection may be better. 
3.7.5 Restrictions imposed by Distributed Circuits 
Use of a self-resonant i d l e r configuration means that at most 
only one additional element need be used i n the r e a l i s a t i o n of a single tuned 
parametric amplifier c i r c u i t , t o form the additional inductance required to 
i^sonate the diodes t o the signal frequency (e.g. L Pig. 2,10), (Unless the 
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stray inductance of the diode f u l f i l s t h i s function f o r a single diode amplifier 
i n which circumstances the corresponding balanced diode amplifier vould be 
degenerate,) Since the r e a l i s a t i o n of lumped elements at above 1 &Hz i s not 
yist w i t h i n technological c a p a b i l i t i e s , such additional inductance has to be 
realised w i t h d i s t r i b u t e d elements t o the detriment of bandwidth, (see section 
3.2), I t i s noted that f o r a given type of diode at a given signal frequency, 
operation i n the balanced configuration involves h a l f the additional inductance 
required f o r the shunt resonant configuration. This, i n turn, means that 
r e s t r i c t i o n s imposed by di s t r i b u t e d elements w i l l be twice as severe f o r the 
single as the balanced diode amplifier. 
The additional inductance, i n the form of a coaxial l i n e , i s often mounted 
behind the diode ( o r diodes) i n the signal c i r c u i t (e.g. Pig. 6,2), but i t 
must be i s o l a t e d frcan the i d l e r c i r c u i t , p a r t i c u l a r l y i n the single diode 
ampli f i e r . One way of iaohieving t h i s i s t o make the l i n e a quarter-wavelength 
long at the i d l e r frequency, and to determine the l i n e characteristic impedance 
by that value necessary t o resonate the signal c i r c u i t . This impedance w i l l 
usually be high («»50n) since the i d l e r frequency may be 2 t o 10 times the signal 
fwquency, so the signal c i r c u i t bandwidth may not be s i g n i f i c a n t l y reduced 
(see F i g , 3*2)• The quarter^wave l i n e at the i d l e r frequency which forms a 
p a r a l l e l tuned c i r c u i t , should be made from as low an impedance l i n e as 
possible f o r the least reactance slope, which requirement confl i c t s w i t h that 
of a high impedance l i n e f o r the signal c i r c u i t inductance. I n many circumstances 
i t may thus be b e t t e r t o include a low-pass f i l t e r or high frequency choke 
behind the diode t o prevent i d l e r and u.s.b. propagation, and then to add the 
necessary inductive l i n e of as h i ^ an impedance as possible. As well as 
preventing r e s t r i c t i o n of the i d l e r c i r e u i t bandwidth by the quarter-wave l i n e , 
t h i s arrangement allows a degree of signal oirovdt tuning by relaxing the 
requirement of maintaining a quarter-wave short c i r c u i t at the i d l e r frequency. 
The highest impedapoe th a t can be used f o r the l i n e fpiming the adflitipnal: 
signal c i r c u i t inductance i s usually defined by the diode cartridge size and 
the c i r c u l a t o r coaxial l i n e size. 
The performance of a pa r t i c u l a r amplifier structure, involving distributed 
signal c i r c u i t inductance, may be assessed by increasing the signal c i r c u i t Q 
by the f a c t o r indicated i n Pig, 3.2 f o r the particular value of Zo 
sub s t i t u t i n g t h i s Q value i n the gain^,bandwidth equation, 3.15. 
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3»8 Broadbanding by Multitunlng 
3«8.'l Passive Networks 
This has been discussed i n some d e t a i l by Humphreys (1964), who 
has evolved gain.bandwidth products i n the foimj gain^andwidth « constant, 
where n i s the nuniber of resonant c i r c u i t s i n the c i r c u i t which i s multituned, 
( i . e . the signal or i d l e r c i r c u i t as the case maybe). I t has been shown that 
f o r single tuned c i r c u i t s gain^ .bandwidth i s a constant, provided that a few, 
p r a c t i c a l l y realisable, conditions are f u l f i l l e d . However, the approDcimations, 
involved i n the derivation of the higher order expression f o r multituned 
c i r c u i t s , are poor f o r most prac t i c a l devices, and i n evaluating the theoretical 
performance o f a device i t i s probably b e t t e r t o consider the driving point 
impedance fvmction and t o obtain the gain/frequency response under Various 
c i r c u i t conditions. For a means of comparison between devices at a given gain, 
i t i s s t i l l u seful, however, to specify a gain^bandwidth product and f o r a 
double tuned signal c i r c u i t t h i s may be wri t t e n : 
A b = | - ^ ^ V S 3.25 
^ \ ys 
where k i s the gain^.bandwidth available with the basic single timed amplifier, 
and S = ' , which i s often close t o uni t y (from Humphreys 1964). Thus: 
g*.b ( f o r a double tuned device) = g?b ( f o r a single tuned device) = k. 
The technique of broadbanding by signal c i r c u i t multituning involves the 
equalisation of the reactance slope of a single tuned device over a frequency 
band. Por a single additional resonator the equation: 
/ \ / \ 
= ! -^! «. 3.2b 
\ /• resonator \ / single tuned amplifier 
completely defines the parameters of the required resonant c i r c u i t . Such a 
c i r c u i t i s presented i n anti-resonant form t o the amplifier ( i . e . placed i n 
p a r a l l e l t o the signal l i n e , the diode i t s e l f forming a series c i r c v i i t ) so 
that the reactance slopes of the two c i r c u i t s are equal and opposite and 
compensation i s achieved over a frequency band. Pig. 3.''8 gives the equivalent 
c i r c u i t of such a device. 
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Further stages of signal c i r c u i t tuning may be added with diminishing 
advantage, since a point i s reached when the i d l e r c i r c u i t l i m i t s the overall 
amplifier bandwidth. I t i s therefore not usual t o add more than two or possibly 
three stages of tuning i n the signal c i r c u i t . The d i f f i c u l t i e s of constructing 
tunable resonant c i r c u i t s at high i d l e r frequencies discourage i d l e r c i r c u i t 
multituning. 
Any passive timed c i r c u i t at microwave frequencies must usually be con-
structed w i t h d i s t r i b u t e d elements and i f an amplifier i s to be cooled, the 
change i n the diode junction capacitance w i l l require that these elements be 
adjxistable i n order t o restore matching conditions. Such a requirement can make 
coolable passively multituned amplifiers p r o h i b i t i v e l y cmplex, 
3»8.2 Active Networks 
The idea of using one or more additional pumped diodes t o 
produce multituned signal or i d l e r c i r c u i t s , arose from consideration of 
quarter-wave coupled t r a v e l l i n g wave devices (e.g. Bdbisch and Sondhauss 19^5). 
Such a c i r c u i t was b i i i l t i n February 1966 and found to give a greater bandwidth 
than an equivalent passively broadbanded device (see section 8.3) but required 
two pump sources and suffered from intermodulation between these. Because of 
these d i f f i c u l t i e s w i t h intermodulation t h i s approach was temporarily abandoned. 
Later, when the shortcomings of passive multitiining at l i q u i d helium temperature 
became apparent, the idea was taken up again ( i n A p r i l 1967). 
I t i s evident that any passive distr i b u t e d network, of the type required 
f o r multitxining a single tuned amplifier, could be replaced, to advantage, by 
an unpumped diode resonated at the signal frequency with an additional inductance, 
Such a diode would need t o be i n p a r a l l e l t o the signal c i r c u i t , one quarter of 
a wavelength away from the pumped diode, when reactance compensation would be 
achieved over a frequency band. Furthermore, i f the additional diode i s i t s e l f 
pumped, tb3n compensation woiold also be achieved f o r variation i n negative 
resistance over the frequency band. With careful selection of diodes i t should 
be possible t o use the same pump source f o r both diodes and hence avoid the 
p o s s i b i l i t y o f intermodulation. 
Cooling such a device should only s h i f t the band centre frequency and not 
involve c i r e u i t readjustments, so a simple coolable structure should be 
available. 
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The schematic arrangement of t h i s device i s shown i n Pig, 3.19. I f the 
input impedances of the two amplifier halves are + jX, and R2 + jXg, then the 
t o t a l input impedance i s given by: 
+ 
where Z q i s the impedance of the quarter^wave l i n e separating the two devices. 
Rationalisation gives: 
r 2 2 2"! 
M - R, + X, 
+ j / 2 2\ / 2 2 -
iZo + 2R1R2 - 2X1X2 + -^  
3.27 
and i f R^  = Rg = R and X, = Xg = X ( i d e n t i c a l diodes and pumping conditions) 
then: 
Zjot = r ' + j x ' 
/ o o o 9\ 2 _2 _2\ 
/ 
I2t,2 ^ j . 3.28 ^ ( z ^ + f - x ^ ) ^ ' ' (Z^ + R^  - A X ^ I ^ 
The gaiiV'freqxiency response of such an arrangement, using two single diode shunt 
resonant devices, has been calcuQ-ated f o r various values of Z^ , by xising 
equation 3.28 i n the gain equation 3.11. At a par t i c u l a r gain and generator 
impedance two optimum or near optimum tuning conditions are obtained f o r two 
values of Z^  and the relevant impedance function and gaiV^requency responses 
f o r 10 dB peak gain are shown i n Pigs. 3.20-3.23. Impedance functions and 
gain/frequency responses have also been evaluated with only one h a l f of the 
amplifier pumped and these are presented i n Pig. 3.24 and 3.25. 
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The conditions for optimum bandwidth can be obtained from the oanplete 
gain expression ( i . e . equation 3.11 with R' + jX' for R + jX), but the 
assumption, that the second term i n equation 3.12 is much larger than the f i r s t , 
may not be valid. So i f a gain^.bandwidth product can be written i t w i l l be of 
the form: 
g ^ . b = ^ l A: . 
V 
3.29 
where P is given by Equation 3.10, and: 
A equals: 
Z2R Z2 + R2 + X2 
0 \ 0 
)| - Z j x ( z J . B 2 . x 2 ) 
Z| - X^  - R2 R Z? + R^  - X^ ) + 4X^R^ . Z ? | ( Z 5 . R 2 . X 2 ) 
and £ i s : 
2RgZ^ X Z^  - X^  - R2 Z^  + R^  - X^) ~ + a^RS 
Z|^z| - X^  - R^} 
R„ 
R 
(Z^  +R2 - X ^ ] +ipc2R2 R2 +X2 
Now, for a single diode amplifier: 
2V2R. 
= k 
so d.) 
' 2 
0'"(S.(1.) 
1 
2^.R 
= k 3.30 
g 
1 
.4 
Equation 3*30 has been evaluated for the combinations of values of R and X 
allowed from the single frequency response of the single diode shunt resonant 
amplifier (section 3,2) and for various values, of Zo. Fig. 3.26shows!plotted 
against Z^ for 10 dB band-centre gain (similar curves can be obtained for 
other values of gain). However i t i s seen later that the required 
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value of i s defined by the band-centre gain and in-band ripple. The 
generator/load impedance i s determined by the required band centre gain and , 
viz: 
2^ 
! R. 
R 
1 + 
R 
R 
- R 
. . . 3.31 
+ R 
where Rg i s the band-centre negative resistance of a single amplifier. Thus the 
generator/load impedance may be written: 
R = 
e 
R. 
R 
I 1 + 0 t 
Z. 
. . . 3.32 
where K depends on the band-oentre gain according to eqviation 2 .9. Rg i s 
plotted against band-centre gain for various values of Z i n Pig. 3.27. 
± 0 
The condition of maximum gain^.bandwidth from equation 3.29 is not sufficient 
to determine the optimum value of Z . The amplifier gaiiv/frequency slope must 
usually be zero, or less than some specified value, within the pass band. That 
i s : 
^(fiain) 
dAf 
dZ 
or tot dAf - 0 (Af = f - f ) 
Now: 
diZ tot |2 
dAf - 2X' ^ + 2R' ^ - ^ dAf * ^  dAf 
9 r|YI 
and V eqxials; 
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^ ( Z 5 - Z2R2- 3Z|X2) . 2Z?RX^  dR z5 + X'* + R^  + 2X2R2 « 2Zp.^ + 2Z|R2 
- ^X(Z2 - R2 . X2) ^ ( i ^ 3 , - 4ZJX) . ^ ( i ^ 3 , ^ 2 , 
Where V = (^ Z^  + R2 
jdR^ also xs; 
^ ( Z j . 3Z2R2 . Z2X2) . 2Z2RX^ Zj + X^ + R^  + 2X2R2 - 2Z2X2 + 2Z|R' 
Z2R (zl + R2 + X2) ^ 1 ^ 3 + i^2x - 4Z2x] + ^ [ ^ 3 ^ 201X2 + 4Z2R 
_ V 
Now; • ^ » ^ : over a wide band (>10^) for many 
single tuned amplifiers, so; 
V2 M l dAf 
dX I 
dAf '; Zj - Z2R2 0 0 - 2Z2RX Zi[ + X^  + R'* + 2X^R^ ~ 2 Z V + 2 Z V 
Z2x(z2 - R2 - x2) + ^^X - itZ2x 
0 
and; 
yzM^^M^ =2Z2RX 
dAf dAf I 0 
Z^ + X'* + R** + 2X2R2 
0 
2Z2x2 + 2Z2R2 
0 0 
Z2R(Z2 + R2 + X2 2^X3 + i4R2X - i^2x 
40, 
alius dAf equals; 
2Z 
0 dX , ^  x(z2 - R2 » x2) (z5 - Z2R2 - 2Z2BX) (ZJ + X** + R^ + 2X2R2 - azfx^ r3 • dAf 
+ 2Z2R2) 
4X5 ^ 4^2^ ^  422x Z2R2(Z2 + R2 + X2)2 + Z2x2(z2 - H2 » x2)2 
+ 2Z2R2X(Z2 + R2 + X2) (Zj + X** + R^  + 2X2R2 « 27.2x2 + 2Z2R2) 
I f ; dAf 
2Z2 
0, then, since — . /o 
dAf 
ZJ(4X^ + 4R^X - 4Z!X) - X2(Z2 > R2 _ X2)2 _ R2(Z2 + H2 + x2)2 
Zj + R'* + X^ + 2X2j^ - 2Z2X2 + 2Z2R2 X(Z2 - R2 - X2) (ZJ - Z2# - 2Z2RX) 
+ 2HXZ2(Z| + R2 + X2) 
Thus, either; 
Zi» + R'* + X't + 2X2R2 _ 2Z2X2 + 2Z2R2 = C 
i.e. (Z§ - X2 + R2)2 + 4X2R2 „ 0 ^riiich has 
no real roots, (but has a minimum value ^dien ^ = X2 - R2), or; 
Zj* + Z2(3X2 + 2R2 ~ 2RX + 2R) 
+ (-^4 „ 7R2X2 _ 3R4 + 2R3X + 2BX3 + 2R3 + 2RX2) = Q 3.33 
41. 
Equation 3 . 3 3 has been evaluated for the values of R and X allowed, at a 
particular frequency, for the single tuned shunt resonant amplifier response 
( f i g . 3 . 4 ) . Values of Zo obtained i n this way are plotted against bandvddtii 
in f i g . 3 . 2 8 , Any point on this curve gives the required value of for 
"^d^^^ *° ^ ® particular frequency. As Z„ is increased, the 
bandwidth i s seen to increase as the frequency of maximum gain (v4ien ^ ^^^^^ 
0 i f g / O) moves from the band-centre. The maximum available bandwidth and 
the optlnaim value of ZQ w i l l thus be specified by the allowable ripple. The 
quarter wave line impedance, ZQ, is related to the band-centre gain and generator/ 
load impedance by equation 3 . 3 1 . Thus i f the values of peak gain at the 
frequencies implied from f i g , 3 .28 are plotted against Z^  for a given band centre 
gain, the optimum values of Z^,, for a particular in-band ripple, axe evident. 
This has been done for 1 0 , 1 2 , 15 and 2 0 dB band centre gain and the results 
are shown in f i g , 3 . 2 9 , The dashed s t r a i ^ t lines apply for the 12 dB curve 
only and show the required Zq values, for specified values of ripple, at their 
intersection with the cvirve. Similar lines can be drawn for the other curves 
and the optimxim values of Zq , obtained i n this way for a specified ripple at a 
given band centre gain, are summarised i n table 3 . 1 , Two possible values of Z^  
are apparent for a given gain and ripple but the larger of the two implies a much 
g3?eater bandwidth ( f i g , 3 , 2 8 ) , l l i i s i s also demonstrated by the anplifier 
gain/frequency response curves (figs, 3 , 1 7 and 3 ,19) and by the • bandwidth 
curves ( f i g . 3 . 2 6 ) , 
Table 3 .1 
Values of Quarter Wave Line Inipedanoe (Zo)n 
for a given Band-Centre Gain and In-Band Ripple 
Ripple 
(dB) 
Band-Centre Gain (dB) 
10 12 15 20 
3 8 .55 
1 3 . 4 
8 . 3 
12.0 
7.95 
10.5 
7.7 
9.05 
1 . 7.7 
14.15 
7.65 
12.6 
7.55 
10.9 
7 . 3 8 
9.25 
7.0 
14 .65 
7.0 
12.9 
7.0 
11.15 
7.0 
9.35 
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TOien the gain^ , bandwidth product i s evaluated for the allowed values of 
ZQ (that i s values of table 3.1 applied to f i g , 3.26 for the frequencies Implied 
from f i g , 3 .28 ) , i t i s seen that, for the higher values of Z ^ , almost exactly 
twice the gain^ • bandwidth of the single tuned device is available i n a l l cases, 
(or twice the gain^ , bandwidth of a passively double tuned device). I t is noted 
that the peak i n the gaii^" , bandwidth versus. curve ( f i g , 3,26) does not occur 
with the value of Zo required for ^ ^^^^ » 0 , since this peak occurs when 
» - R2^ vbioh. i s not a root of equation 3 .3 , 
An amplifier with active signal c i r c u i t oon?)ensation w i l l thus provide twice 
the g a l i ^ . bandwidth of a comparable passively con^jensated device , but the 
quarter wave line connecting the two single tuned a s ^ l i f i e r s , must be of an 
inqpedance specified by the required band centre gain and in-band ripple, 
3.9 Conclusions 
There are many practical advantages i n using one of the two diode 
self-resonances for the idler c i r c u i t of an amplifier, i n the form of the 
balanced diode (two series resonant diodes) or the single diode shunt resonant 
an?)lifier. Of these two the balanced diode anpllfier gives a greater gain^ . 
bandvridth product i n a l l practical cirovmistanoes, ^ i o h i n many oases i s greater 
by two or three times. However, the single diode a n ^ l i f i e r i s simpler to 
construct, has a lower input noise temperature and w i l l operate at higher signal 
frequencies than the balanced diode amplifier, for the same diodes. 
For wide bandwidths frcxa a balanced diode ^ l i f i e r the diodes used should 
possess b i ^ T and f ^ values with low Lg and C2 values, but i f the diodes have 
a significantly large series stray inductance ^  then a high cut-off frequency 
may not be to advantage. For a single diode a o ^ l i f i e r there is an optimum value 
of encapsulation capacitance, for maximum bandwidth, defined by the diode cut-off 
frequency, T value and series inductance. 
I n general, for h i ^ quality diodes ( h i ^ Yfg COT?)ared with the signal and 
idle r frequencies) the balanced diode structure i s favoured ^ en a wide bandwidtii 
i s required, but for narrow band applications and at h i ^ signal frequencies the 
single diode shunt res<mant device is better. 
Both balanced and single diode structures may be multituned to advantage, 
although jnore i s gained, per s t a ^ of multi tuning, by breadbanding the shunt 
resonant device, since both structures have the same idler bandwidth. For a 
single diode amplifier one additional passive c i r c u i t , gives,to a good approa&^  
imatlon, a gaiJ^ , bandwidlix equal to the gain^ • bandwidth preduct of the 
basic single tuned c i r c u i t , vdiereas one additional active circ u i t gives twice 
this value. Active oon^nsation is thus a useful technique» particularly at low 
temperatures i^en the need for external tuning controls can be eliminated, 
43 . 
4 . Measurement Techniques 
4^,t Measuring bench for firequency response 
Two systems were used; i n the early measurements the output of the 
parametric smplifier was fed into a microwave mixer and detected at I.F., whereas 
i n the l a t e r measurements a backward diode detector was available irfiich, used 
i n conjunction with an electronic chopper, allowed direct detection of the 
amplifier output. The two systems are summarised i n figs, 4.1 and 4.2, 
Measurements of an^jlifier gain at any signal frequency could be read directly 
from the measuring attenuator A1 , by operating switches 31 and S2, (vvhich divert 
pump power from the amplifier and by-pass the amplifier), provided that the loss 
of the by-pass loop has been measured. 
The signal frequency klystron could be changed for a swept frequency source 
and the output of the backward diode detector (without chopper) connected directly 
to a sensitive oscilloscope, which fac i l i t a t e d the display of a swept frequency 
response. When thus connected care has to be taken to avoid gain saturation 
which occurs at inputs of greater than about -45 <iBm. 
4.2 Noise measuring equipment 
Two systems were used for noise measvirementsj a few early measurements 
on room temperature amplifiers were carried out with the use of a noise lamp, 
but the majority of measurements were taken on a specially developed noise-
adding Y-radianeter*, The noise lamp ci r c u i t ( f i g , 4.3) was connected to input C 
of switch S2 ( f i g . 4.1) i n place of the 4 GHz bench and either detecting systems 
was tised with a microwave measviring attenuator inserted between the amplifier 
output and the detecting system, On/off noise ratios for restored detector 
readings were read off directly from the measuring attenuator i n the usual 
manner. 
The major disadvantage of the noise lamp method i s the uncertainty In the 
lamp calibration which leads to a possible systematic error of - 10?C, A Y 
radiometer method, involving two loads at different temperatures, does not 
require calibration but suffers from the possibility of gain changes in the h i ^ 
gain amplifiers after the parametric amplifier \Aiilst the hot/cold noise ratio 
i s being measured. This has lead to the development of a noise adding radiometer 
i n which noise from a lamp i s added to the input of the amplifier and the chopped 
noise output of the amplifier is compared with the chopped output from the noise 
lassp i n a synch]?onous detector. In this way a null can be obtained when the 
two noise powers are equal. An increase i n the amplifier load temperature now 
upsets the balance of the system which can be restored by introducing more noise 
from the lamp. I f the same null position is observed at each reading then the 
* See acknowledgements. 
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parametric amplifier gain (as well as the total system gain) has been constant. 
Thus the noise lamp i s used as a stable noise reference whilst changing from cold 
to hot loads, A schematic diagram of the radiometer system is given in f i g , 4 ,4 . 
The equation for amplifier noise temperature at the amplifier input terminals 
can be shown to be: 
T H - E O ^ T O 
T, R - 1 . (5 .1) 
where Tjj, TQ are the hot and cold load temperatures 
To i s the ambient temperature 
H i s the hot/cold load attenuation ratio 
and g is the amplifier gain. 
The major d i f f i c u l t y i n this measurement is the maintenance of a stable 
parametric amplifier gain. For this reason each noise measurement was repeated 
at least five times, with a gain reading after each one. I f the gain haj drifted 
by more than 0,2 dB the result was discounted. The total errors, including 
those incurred during the measurement of input loss are li s t e d i n the table below. 
Table 4.1 
Maximum Errors i n Noise Measurements for Temperatures <50°K 
1. 
Errer 
Reading 
Magnitude (°g) 
( i ) Atten. Systematic 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 
calibration 
( i i ) Balance Random 1.3 1.25 1.2 1.15 1.1 1.05 1.0 0.95 0.8 
s t a b i l i t y 
2. Gain measurement 
( i ) Atten. Systematic 0.70 0.52 0.45 0.37 0.27 0.21 0.16 0.13 0.07 
calibration 
( i i ) D r i f t Random 1.5 1.1 0.85 0.68 0.56 0.42 0.32 0.25 0.13 
3. Cold & hot Systematic 0.8 0,8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 
load temp. 
uncertainty 
4. Input loss Systenatic 0.26 0.26 0.26 0.26 0.27 0.27 0.27 0.27 0.27 
measurement 
Total random 2.8 2.35 2.05 1.83 1.66 1.57 1.32 1.20 0.93 
Total systematic 2.01 1.83 1.76 1.68 1.58 1.53 1.48 1.45 1.39 
Ai i5)lifier Gain (dB) 10 11 12 13 14 15 16 17 20 
45. 
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Since most of the conclusions of this study are based on a comparison of 
noise readings, random errors are most important, but systematic errors must be 
normalised at a particular value of amplifier gain. For room ten5)erature devices 
with noise tanperatures between 200 and 5 0 0 ^ the tot a l maximum systematic and 
random errors may be summarised as follows: 
Table 4 . 2 
Maximum Errors i n Noise Measurements for Room Temperature Devices 
Amplifier Gain (dB) 1 0 11 1 2 1 3 1 4 1 5 1 6 1 7 2 0 
Handom 8 . 5 7 . 9 7 . 4 5 7 . 1 6 . 7 6 6 . 4 6 . 1 5 . 9 5 . 1 3 
Systematic (°K:) 4 . 0 1 3 . 8 3 3 . 7 6 3 . 6 8 3 . 58 3 . 5 3 3 . 48 3 . 4 3 3 . 3 9 
Loss before and after the amplifier must be taken into account. I f losses 
of ratios , L^and at temperatures T^  , T^  and T^  appear before the amplifier 
and at temperature T^  appears after the amplifier, then: 
T;gL,L2L3 o gL^T^ + gL^ [LgLjd-L^ ) T , + ^ji^-^)'^^ + ^^-^J^^] + ^ ^-^K • • 4 - 2 
vdiich gives Hie relationship between the system noise temperature T^ , referred 
to the input of the cryogenic signal feed, and the anplifier noise temperature 
T^  referred to the input terminals of the aniplifier. I f the amplifier gain is 
measured between the input and output terminals of the cryogenic signal feed 
system then the radiometer equation ( 4 . 1 ) gives T^ , after the subtraction of noise 
ftom input loss only (noise from output loss cancels i n this definition). T^ , 
the amplifier noise temperature, may then be obtained from equation 4 . 2 . 
4 . 3 Circulators 
Melabs four port coaxial circulators were used at room temperature, 
loss and VSIVR measurements being made for each individual circulator. These are 
summarised i n the tables below. 
Marconi £ind Western Microwave Laboratories circulators were used at liquid 
helium temperatures. Marked differences i n characteristics were noted between 
circulators i n the same batch and with the same circulator over a period of 
time. The l a t t e r effect i s attributed to the considerable mechanical stresses 
involved i n the rapid cooling or warming up procedures viiich were sometimes 
necessary, and the effects of local fields and foreign material. Since these 
devices are of an open construction to allow liquid helium to flow freely 
through, care had to be taken whilst handling them at room temperature to exclude 
foreign material. Loss measurements were made immediately before or after each 
series of noise teniperature measurements and these are summarised i n the tables 
below. Fig, 4 . 5 shows a swept frequency response of the feed system with and 
without a WSL circulator and hence also indicates the circulator losses, 
46, 
Fi.g. 4 . 5 Frequency ResnonsR of Coolable Signal Feed. 
Upper Trace: Feed alone 
Lower Trace: Feed plus C i r c u l a t o r 
Markers set at 3 . 6 and 4 . 3 GHz 
NEG RES 16557 
/ Since the loss between individual ports of any of these circulators i s , or 
should be, 0.1-»0,3 dB, vhioh is approaching the experimental error of a loss 
measurement by substitution, the transmission loss between two extreme ports was 
measured i n most cases ( i . e . between 1 and 4 or perhaps 2 and 4 or 1 and 3) and 
divided by the appropriate number of transitions of the f e r r i t e material, to find 
the average loss between individual ports. A l l the 4-port cirotilators used were 
made up of two internally connected 3-port circulators, so that transferring 
from ports 1 to 2 involved one transition of the f e r r i t e material and from 
port 2 to 3 involved two transitions. 
Table 4.3 
Room Temperattire Circulator Measurements 
Melabs 4 port Coaxial Circulators 
1 
Circulator Loss between Input VSWR 
Serial No. ports 1->2 (dB) (at 4 CHz) 
14 0.10 >0 .9 
15 0.12 > 0 . 9 
Table 4.4 
Liquid Helivun Temperature Circulator Measiu'ements 
( i ) Marconi Circulator 3IT203 
Frequency 
(GHz) 
Loss between 
ports 1-*>2 (dB) 
3.8 0.72 
4.0 0.39 
4.1 0.79 
4.2 0.36 
4.3 0.49 
47. 
4 .4 ( i i ) m Circulator SN11 
Frequency Loss between ports 1 VSWR i (including feed) 
1 load on 4 (GHz) 1-3 + 3 2-.>1 
3.8 0.42 23 0.92 
3.85 0.45 23 0.94 
3.9 0.31 22 0.77 
3.95 0.33 23 0.78 
4.0 0.23 25 0.83 
4.05 0.36 30 0.80 
4.1 0.41 35 0.51 
4.15 0.14 30 0.81 
j 4.2 0.29 25 0.44 
4 .4 ( i i i ) ML Circulator SN10 
1 
{ Frequency Loss between ports VSWR j (including feed) 
Load on 4 1 (CHz) 1-0+ 3 ! 2-»1 
3.8 0.21 22 0.91 
3.85 0.12 ! 21 0.56 
3.9 0.26 j 0.78 
3.95 0.32 i 20 0.68 
4.0 0.24 21 0.84 
4.05 0.24 21 0.815 
4.1 0.25 20 0.62 
4.15 0.17 ! 19 0.73 
4.2 0.46 i 18 0.60 
1 
4.4 ( i v ) IML Circvaator SN 5 Interpolated from Fig. 4 .6 
1 
Freqfiency Loss between ports (GHz) ?*4 4- 3 (dB) 
1 
3.8 0.16 
4.0 0.13 
4.2 0.11 
48. 
4 , 4 Liquid Helium Feed System 
This is shown i n figs. 4 .6 and 4.7» with the appropriate loss components 
li s t e d i n table 4»5. VSWR measurements of the input and output signal feeds are 
given i n table 4 .6 and f i g , 4,5 also gives a qualitative indication of the feed 
total VSWR, The signal and pump, waveguides and the output coaxial line were of 
coppeivplated stinless steel, to reduce heat loss. Althou^ the heat exchange 
baffles were efficient with the feed i n the vertical position, when tipped throu^ 
45° (as may occur on an aerial) they were found to encourage rapid helium boil-off, 
so a second feed was b u i l t having only two baffles near the top, Ihese remaining 
baffles, close to the top, acted as a radiation shield at a temperature of 7 7 ^ . 
The type of tuning drive shown in f i g , 4 . 6 , involving gears, was used i n only one. 
type of amplifier (SD4/19 see section 6 ,4 ) and proved troublesome due to backlash, 
( • / I 
which led to gain/instability. 
Table 4 .5 
Loss Components of Liquid Helium Temperature Signal Feed 
Component Tenro, w 
Loss 
(dB) 
Microwave window 293 0.006 
Bend 293 0.008 
Waveguide 77 0.005 
Infra-red i r i s 77 0.015 
Waveguide 4 0.05 
Waveguide/coax 
transducer 
4 0,25 
Output coax 4 1.0 
Table 4 .6 
ySWR Measurements of Liquid Helium Temperature Signal Feed 
1 
• Frequency 1 (CSz) 
Waveguide 
input feed 
( i n c l , transducer) 
Coaxial 
output line 
1 3.7 0,780 -1 3.8 0,840 0,97 
i ^ ' ^ 
0.895 0,81 
i 4 .0 0.960 0,87 1 4 .1 0.925 0,735 
1 4 .15 0,890 0,86 1 4 .2 0.837 0.71 
! 4 .3 0.765 -
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I t was decided to allow li q u i d helium to flow into the amplifier structure 
i n order to s^iiiplify construction of'the feed, but cbnsider?ti)le d i f f i c u l t y was 
experienced with local h^atii^g i n tiie diode Tsiien pumped; Bubbles of gaseous 
helium ate produced'which may rise up the pump waveguide, expanding as they rise, 
and producing-latge unstable pockets of ga& at the-top 'of t l i ^ guide with an 
unstable meniscus. These ins t a b i l i t i e f i modulate piimj) jpbwer to the diode, due to 
the differing dielectric constants between gaseous and liquid helium and produce 
amplitiQT gain fluctuations which may be 6 dB or more i f the process is. xmcheck^d. 
Such i n s t a b i l i t i e s may be reduced or eliminated by fi l l i n g , t h e pump, waveguide 
with PTFB (taking care to allow for shrinkage) or by obhstruoting the guide "with 
suitable bends and holes so that the bubbles leave immediately after the diode,' 
Complete s t a b i l i t y was achieved with the la t t e r method for an amplifier mounted 
as i n f i g , 4 . 8 , but only a reduced amplitude of oscillation could be obtained 
with a solid dielectric i n tiie pump waveguide, i n the system shown i n f i g . 4 .9 and 
the pump level was considerably attenuated (> 3 dB) due to dielectric loss, liShere 
possible i t i s therefore thou^t better to divert helium bubbles from the pump 
waveguide at a position close to the diode. 
With either system of bubble suppression care has'to be taken not to . :; 
introduce exciassive reactance into the pun:^  c i r c u i t , so that the bandwidth i s 
not degraded. The ideal pump cir c u i t should have zero attenuation between the 
id l e r iand upper-sideband'frequenpies^ with i n f i n i t e attenuation at, and* beycnd 
these frequencies. With a practical cryogenic pump feed, even assuming that a 
f l a t bandpass coolable f i l t e r i s available, reactance i s s t i l l introduced at any 
discontinuity i n the system and external tuning screws are usually required to 
match the c i r c u i t . This means that care has to be taken when tuning the 
amplifier for minimum pump power at l i q u i d helium temperature, a process which 
becomes tedious and sometimes dubious with a highly t\ined pump ci r c u i t . 
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5. Diodes and Diode Mounts 
5.1 General 
Mullard CAY10 varactor diodes (also known as VX 3368) were used i n most 
devices. These are degenerately doped gallium arsenide p-n junction varactors 
of a type known to function at l i q u i d helium temperature, and at the outset pf 
this study, exhibited th6 highest available Y fg product at such temperatures, 
(Yfg B 24). Sylvania diodes type D5417C (also gallitim arsenide) have a higher 
room temperature T f^ product (« 40) but, i n their preterit fbim, show increased 
resistive loss at li q u i d hfelliim temperature. 
A l l silicon varactors so far produced suffer frolii carrier freeze-out at 
4 0 ^ or above, which i t seems cannot be avoided since further increase i n ttie 
doping level produces varactora with impract'ioally low breakdown voltages. How-
ever, at room temperat\<lre, the use of silicon varactors is usually favoured, since 
they exhibit a high capacitance variation factor (y = 0,2 compared with 0,15 for 
GaAs)/ Other diode materials and/or other types of diode (e.g. Shottky barrier, 
space charge varstctpr) may ultimately prove superior either to gallium arsenide 
at cryogenic temperatures or to silicon at room temperature and some of these 
are discussed i n section 10, 
A few experimental gallium arsenide varactors (Mullard VX6508) with a h i ^ e r 
cut-off frequency than the CAY10 ( 350 CBz compared to 150 GHz, due to lower series 
resistance and junction capacitance) and a lower series inductance (O.I nH 
compared to 0,6 nH), became available during the course of this study and were 
tri e d i n a nximber of amplifier structures without much success. These are of a 
smaller size than the CAY10 and have an encapsulation oapaoitance comparable 
with their junction capacitance, which, at a signal frequency of 4 GHz, reduces 
the effective Y value to less than 0,1, Similar diodes with an increased 
junction cs^pacitance, or a pair mounted i n one structure (see section 10) should 
giye superior perfoimance to the CAY10 varaotor, 
A further type of experimental varaotor with a high YE;, product (low RjJonJ Cj) 
was available, known as the "super" VX3368, These varaotors have the same 
internal structure as a VX6508 but are mounted i n the larger encapsulation of 
the CAY10, and thus have a smaller encapsulation oapaoitance but a much higher 
stray inductance iiian the VX6508, The high>cut~off frequency of these diodes 
allows an improvement i n noise temperatiire over the CAY10, but means a reduction 
i n available bandwidth, (see section 3). 
The CAY10 varactor was thus chosen for the f j j i a l design of a wideband • 
li q u i d helium ncooled an^)!ifier. The room temperature paraneters of this diode 
are l i s t e d i n table 5.11 along with those for a few cwnparable currently available 
diodes. The Y values given her^ are the maximum values for negligible diode 
current. (<i //A at room temperature and <0,1 nA at l i q u i d helium temperature,) 
Curves of Y at various values of bias and pump voltage are shown in figs, 2,1 
and 2.2 (n B 0,404 for the CAY10). The very s l l ^ t advantage! in. operation at a , 
small reyerse bias i s n u l l i f i e d by the requirement of additional pun^ power, 
whicii may l e a d t o an increased a m p l i f i e r noise temperature (see 
section 9). Diodes "are therefore usually bperated at aero tjias (p,iC. short 
circuited either directly or through a microammeter), / 
The physical construction of the CAY10 varadtor is showri i n figs. 5.1 
5.2 (by courtesy of Mullard Ltd.) and the Sleictripal equivalent circuit shown 
in f i g . 2,6 i s adequate. A breakdown qf the components.contributing to the-series 
resistance j R|[, (as^supplied lyH^e mai^ufactiu^eire) i? given ;in t a b l s 5.2. = I t i s 
noited that thd skin effect plays a part i n determining this parameter. 
At 4*^ the capacitance variation coefficient of the CAY10 varactor i s 
increased sli g h t l y over the rown temperature value (from 0,15 to 0.175)i 
junction capacitance is decreased (from 0.45 to 0.42 pP) and the series resistance 
remains constant (within experimental l i m i t s , i.e. i in). (Attested l y measure-
ments at Mull^rd Ltd, and' by the perfoisnanp'e' of parfamet?lc amplifiers at 
see sections 6 and 9*) 
Table 5,1 
1 • . 
Idode (Gc/'s) (n) (pF) (rfl) pF 
VX3368 
(CAtlO) 0.16 150 2.5 . 0.45 0,6 • 0.05 
VX65d8 0,127 400 ^ 0.2^ 0.f20 0i2 
"super" 
VX3368 0.16 400 1.0 0,40 0,6 0.05 
D5417C 
(sylvania) 0,145 200 1.6 0.5 0.15 0.2 
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lar 
Table 5 ,2 
Components of the Di^^^ft Ssries Resistance at Room Temperature 
Region 
(see f i g . 5 . 2 ) 
Resistance (fi) \ 
D.C. Microwave 
contacts & wires 0 . 5 0 . 7 5 
1 0.083 0 .083 
4 0.826 0 .826 
5 0 .59 0 .85 
total 2 . 0 2.5 
5 . 2 Diode Mounts 
The mount of any varactor diode w i l l contribute stray induetsuice and 
capacitance to the equivalent c i r c u i t , and this must be taken into account i n 
amplifier design (see section 6 ) . The two mounting pins of the CAY10 type 
cartridge are usually s l i g h t l y eccentric, which means that a closely engineered 
mount cannot be used, and since the coefficient of expansion of these devices 
w i l l be less than that of an amplifier structure (brass), the mount must be 
sprung to accommodate relative contraction. These requirements have led to the 
design of sprung mounts with a close f i t on one diode pin (± .001 ins.) and a 
pressure maintained loose f i t on the other pin (e.g. see f i g . 6 ) . Such an 
arrangement has been found to be both mechanically and electrically stable. 
Stray capacitance can be minimised by mounting the diode between a stub of 
the same diameter as the diode ceramic at one end and a stub of the diameter of 
the diode pinch seal at the other end. Stray inductance can be tuned out i n a 
single diode shunt resonant amplifier, but w i l l be introduced into the idler 
c i r c u i t of a balanced diode amplifier. Methods of reducing stray inductance in 
the mounting of balanced diodes are discussed i n section 3.5.3. 
5.3 Diode Measurements 
A quality factor (Yf^) measurement at liquid helium temperature has 
been carried out by other workers for the type of diode used (Davies R. I 9 6 7 , 
Chakfaborty D. and Coackley R. I 9 6 7 . ) and, considering the time necessary for 
such a measurement, was not repeated. 
The D.C. characteristics at room and liquid helium temperatures are plotted 
i n f i g . 5,3. These were also measured with the diode situated i n the SD4/33 
amplifier at various pump levels, and a negative resistance effect was observed, 
which i s most satisfactorily explained as an avalanche condition arising from 
the storage of minority carriers, (Hefhi I . 196O). Fig. 5 . 4 shows the D.C. 
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voltage/current characteristics of a CAT10 diode subject t o radiation at the 
ptunp frequency (34 CEz). Separate traces are pr6du6§el |&5atig§ of s e l f bias 
and the negative resistance effect i s at reverse bias* A reverse current effect 
was seen at much higher pump levels, ( f i g . 5.5)» Both effects show a de f i n i t e 
threshold with pump power, which was seen to vary from diode to diode and tp occur 
with s l i g h t l y lower pun^ levels at cryogenic temperatures, ( 7 7 ^ and A^)» 
I f the minority c a r r i e r l i f e t i m e i s comparable with the reciprocal pump 
frequency then, at a particxilar biasing condition, an equilibrium w i l l be reached 
with a f r a c t i o n of the stored carriers returning to t h e i r region of o r i g i n , B i i s 
f r a c t i o n w i l l be high at zero bias, but w i l l decrease as the Junction i s reverse 
biased u n t i l the pump voltage excursion i s less than the bias, when i n j e c t i o n 
ceases* 
Forward current at reverse bias w i l l be seen on a curve tracer when the 
yomp swing i s large enough f o r i n j e c t i o n , but t h i s i s p a r t i a l l y suppressed by 
the screening e f f e c t of the stored c a r r i e r s . Thus the diode current/voltage 
curves should move furt h e r i n t o reverse bias on increasing pump power and 
display a "softer" onset of forward conduction. However, at a certain pump 
le v e l the rate of return of stored c a r r i e r s w i l l be s u f f i c i e n t to cause impact 
i o n i s a t i o n and consequent reverse current. This produces the observed negative 
resistance e f f e c t , isdiich, at higher i n j e c t i o n levels may be i n the reverse 
cuxrent region due to the dominance of avalanching. 
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6. Single Tuned Amplifiers using the Diode Shunt Resonance 
6.1 General 
I t was decided t o b u i l d an amplifier using the diode shunt resonance 
f o r the i d l e r c i r c u i t , as described i n section 2.6, i n order to study the 
factors governing amplifier noise at l i q u i d helium temperature, and as a stage 
towards the development of a wide-hand device. 
The f a c t that the device would ultimately he used at 4°Kj necessitated 
homogeneous construction and pa r t i c u l a r care i n the design of the diode mount 
(section 5»2)» Amplifier structures were made from brass, being easier to 
machine than copper and having acceptible thermal and e l e c t r i c a l conductivities. 
Since i t was desirable to use a cooled ci r c u l a t o r d i r e c t l y attached to the 
amplifier at l i q u i d helium teniperatures, the amplifier signal c i r c u i t had to be 
of a coaxial construction, waveguide circulators at 4 GHz being too large. 
The f a c i l i t y f o r measurement of D.C. diode current i s required f o r ar^ 
device, p a r t i c u l a r l y at room temperature, since t h i s allows precise tuning 
(see section 2 .4 ) and ensures the absence of shot noise ( i . e . at very low diode 
currents, see section 8,2), Bias can always be applied by the same c i r c u i t as 
used f o r measuring diode cxirrent, but since most of the diode capacitance change 
occurs i n or near the forward d i r e c t i o n the application of bias does not 
iniprove amplifier performance, and diodes were therefore not externally biased. 
Uncertainty about the diode encapsulation capacitance (CAY10 see section 5) 
lead t o the development of two devices, designated SD4/19 (single diode, 4 GHz 
signal frequency, I9 GHz pump frequency) and SI)4/33» 
6.2 Realisation 
6.2.1 Amplifier 1 (S3)4/l9) 
Information from the diode manufacturers indicated that the 
shunt resonance might occur at about 20 GHz. A c i r c u i t was constructed as 
shown i n f i g . 6.1 which i s of the form suggested by Matthaei and Getsinger (I964) 
w i t h an additional signal c i r c u i t elanent, half a wavelength from the diode, 
t o allow f l e x i b i l i t y of tuning, but no gain was obtained. Pump power was 
coupled through a resonant i r i s opposite the diode from a waveguide through the 
plane of the diagram ( f i g . 6.1) and a choke C was included to prevent i d l e r or 
pxunp signals propagating i n the signal c i r c u i t . The f a i l u r e of t h i s structure 
t o produce gain was thought to be due to the d i f f i c u l t y i n establishing an 
open c i r c u i t at the i d l e r frequency, at a small f i n i t e distance from the short 
c i r c u i t block B. The c i r c u i t was therefore modified to that of f i g . 6.2 with 
two stubs at the i d l e r frequency, the idea being that the stubs would be shunt 
resonant at the i d l e r frequency and present the correct inductance t o resonate 
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the diode at the signal frequency. The pump coupling i r i s was cut i n the plane 
I - I ' opposite the diode and an i d l e r r e j e c t f i l t e r was included i n the puinp 
waveguide,. DiCde current was measured between the insulated diode holder and 
the amplifier block. Gain was obtained at a pump frequency of 19 GHz f o r two 
symmetrical settings of the tuning stubs, as might be expected, but the optimum 
inner rod diameter, foiind by experiment, was not that predicted by analysis of 
the simple c i r c u i t . The diode manufacturers then reported that the value of 
diode encapsulation capacitance should give a shunt resonance of 30 GHz, rather 
than 20 GHz, so the simple tuning conditions f o r t h i s amplifier cannot apply. 
The i d l e r c i r c u i t must therefore be shunted with e t e r n a l capacitance from the 
diode moimt, and since a double tuned response was observed, ( f i g . 6,12) the 
stubs must be shunt resonant at the i d l e r frequency and interchangeable with 
the external resonator at the signal frequency. Additional inductance at the 
signal frequency i s provided by the short post supporting the diode, and double 
tuning i s effected by the additional resonator. The equivalent c i r c u i t i s thus 
thought t o be as i n f i g , 6 . 3 . Adjustment of the additional resonator (a 
quarterwave short c i r c u i t l i n e ) was seen to tune one peak of the response over 
a l i m i t e d frequency band, but t h i s could be restored by adjustment of the stubs 
connected t o the diode. However, such a process was seen to a l t e r the gain-
bandwidth product of the a n p l i f i e r and the diode D.C, current. I t i s evident 
that since, these interchangeable resonators have di f f e r e n t characteristic 
iinpedances, the transformed value of generator impedance seen by the diode can 
be adjusted which i s v e r i f i e d by t h i s tuning process. 
Although t h i s , amplifier does not give the greatest available bandwidth 
from t h i s varactor, and i s unnecessarily complex, i t was decided to take some 
noise measurements at l i q u i d helium temperature whilst a broadband amplifier was 
being developed. The device i s shown mounted on a signal feed f o r use at 
l i q u i d helium temperature i n f i g s , 6,4 and 6 ,5 , The results of the noise 
temperature measurements on t h i s device at room and l i q u i d helimn temperatviree 
are discussed i n sections 8 and 9 , and the bandwidth performance i s discussed 
i n part 4 of t h i s section, 
6.2 ,2 Amplifier 2 CSD4/33) 
The knowledge that the diaie shunt resonance was at 30 GHz and 
not 20 GHz, encouraged the development of an amplifier pxunped at 33-34 G&, 
The f i n a l design, an e l e c t r i c a l equivalent c i r c u i t and a photograph of the 
device appear i n f i g s , 6 .6 , 2.10 and 6 ,7 , The signal c i r c u i t transformer, T,, 
presents the correct impedance to the diode which, f o r greatest bandwidth and 
least noise temperature, should be the highest possible consistent with 
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n e g l i g i b l e diode current, (see sections 2 ,3 and 8 ) , For investigations of shot 
noise (section 8 ) i t was desirable to have a means of changing t h i s transformer 
r a t i o , so several interchangeable inner conductors were made, each of which, 
used wi t h or without a PTFE d i e l e c t r i c , gave two possible values of transformer 
r a t i o . I n t h i s way the impedance seen by the diode at the signal frequency 
could be made either 8 ,0 , 11,0, 12,3 or 13,40, 
To prevent propagation of i d l e r and upper sideband frequencies, the r a d i a l 
choke, 01, ( f i g . 6 .6) was included i n the signal c i r c u i t coaxial l i n e . A low 
pass f i l t e r was t r i e d i n t h i s c i r c u i t (shown i n f i g . 6 ,8) but was la t e r removed, 
since i t did not improve the amplifier noise performance at l i q u i d helium 
temperature, and was detrimental to bandwidth. 
The diode was supported by the back Coaxial plug, P,, under pressure from 
the spring S, ( f i g , 6 ,6) and leaving a gap 02 to form a choke at the i d l e r 
frequency. This arrangement has proved to be both mechanically and e l e c t r i c a l l y 
stable. Diode current was measured between the insulated stub S, and the main 
amplifier block, with a D,C. short c i r c u i t somewhere i n the signal output l i n e , 
usually at a bar and post coaxial/waveguide transducer. An ear l i e r version of 
t h i s device ( f i g . 4»10) involved a much larger insulated segment on the 
amplifier block, and suffered from pick-up i n the diode D.C. c i r c u i t . This 
resulted i n the destruction of a ntunber of diodes, due to transient pulses 
induced i n t h i s c i r c u i t at the switching on or o f f of some ancillary laboratory 
apparatus (e,g, klystron power supply or cooling fan). Such pulses were 
observed on an oscilloscope to be of s u f f i c i e n t magnitude to damage a diode. 
Although the f i n a l arrangement did not demonstrate t h i s a b i l i t y to destroy 
diodes, care was normally taken to 6pen the diode D.C. c i r c u i t before connecting 
or disconnecting any a n c i l l a r y e l e c t r i c a l equipment. 
This experience i s relevant to the i n s t a l l a t i o n of working devices i n 
receiving stations. I f diode current i s measured, then the D.C. c i r c u i t must 
be w e l l screened and, i f possible, a l l ancillary e l e c t r i c a l equipment well 
suppressed. Continued pulsing with transients not s u f f i c i e n t to conipletely 
destroy the diode, may have the long term effect of degrading the reverse , 
characteristic due to the creation of local hot spots or avalanching spots, 
which i n t u r n may degrade the ajnplifier noise teniperature (see section 5 *2 ) . 
No long term operational information i s yet available, but t h i s factor i s 
probably important i n the determination of diode l i f e t i m e . 
Pump power was coupled d i r e c t l y to the diode with a short c i r c u i t plunger a 
quarter wavelength away. The pump waveguide included a bandpass f i l t e r to 
rej e c t i d l e r and upper sideband frequencies! t h i s i s shown i n f i g , 6,9 and 
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i t s frequency response i n f i g . 6.10. As a further measure to prevent i d l e r 
propagation i n the pump c i r c u i t , the section of pump waveguide integral with 
the amplifier was designed to cut-off at 3 I .5 GHz, 
The exact length of the stub behind the diode, which resonates, with the 
diode at the signal frequency, i s determined by the i d l e r frequency, since i t 
i s desirable that i t should be a multiple of quarter-wavelengths long at t h i s 
frequency, even though an i d l e r r e j e c t choke i s included. This stub length can 
therefore only be determined by experiment, since the diode does not approximate 
t o a siniple coaxial structure at the i d l e r frequency. The diameter of the 
inner of t h i s coaxial l i n e was made equal to the diode end pin diameter, and the 
length was chosen to resonate the signal c i r c u i t to about 3,8 GHz, and also 
f u l f i l the i d l e r c i r c u i t requirement. The amplifier could then be tuned over 
the signal frequency band (3 .8 -» 4.2 GHz) by slipping brass sleeves of varying 
thickness and f i x e d length over the inner of t h i s coaxial stub, ( f i g . 6 . 5 ) . 
This means that w i t h a given sleeve and diode, there i s only one correct 
operating condition f o r the a n ^ j l i f i e r , indicated by the tuning condition of 
minimum diode ctirrent, (see part 3 of t h i s section). I t must be remembered 
however, that the sleeve thickness or stub characteristic impedance w i l l affect 
the available bandwidth from the amplifier according to the relationship 
discussed i n section 3»2. The minimum diameter of the inner of t h i s stub i s 
0.064 i n . (the diode end pin diameter), which without a change i n the coaxial 
l i n e outer dimensions from the OSM miniature connector (required f o r a WML 
c i r c u l a t o r ) , means that the maximum stub characteristic impedance i s 47n» Such 
an impedance at 4 GHz mesins that 0.72 times the bandwidth from equivalent lunged 
c i r c u i t elements i s available. The maximum sleeve diameter needed to cover 
the frequency band i s O.O9 i n , which results i n O.5I times the bandwidth from 
lumped elements. 
The e a r l i e r version of t h i s amplifier ( f i g . 4.10, referred to as SD4/33B) 
was constructed with a variable tuning stub behind the diode, and although t h i s 
stub may not be a multiple of a quarter wavelength at the i d l e r frequency, a 
l i m i t e d range of tuning frequencies could be accommodated, presumable because 
the coaxial i d l e r r e j e c t choke was f u l f i l l i n g i t s function. This variable 
timing arrangement was, however, mechanically unstable and was f i n a l l y 
abandoned i n favour of the fixed stub device. 
The f i x e d stub device (SD4/33A) i s shown mounted on a l i q u i d helium 
coolable feed system i n f i g . 4.9» attached to a Western Microwave circula t o r , 
and the SD4/33B device i s shown on a similar feed i n f i g . 4.10 with a Marconi 
c i r c u l a t o r . 
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6,1 Tuning Procedure 
At room temperature an amplifier can be conveniently timed f o r 
minimum diode current, which i s obtained when the signal and i d l e r c i r c u i t s are 
at resonance. The amplifier i s fed from a swept frequency signal source and 
wit h a given signal c i r c u i t resonant frequency ( i . e . a given sleeve diameter i n 
amplifier SD4/33A or a f i x e d signal c i r c u i t resonator positi o n i n SD4/I9) and a 
punj) input l e v e l of about 100 nfflF, the pur?) frequency i s adjusted u n t i l a 
response i s obtained, when the pump lev e l i s reduced to give the required gain. 
The pump frequency f o r minimum diode current at a fixed gain can then be found. 
F i n a l l y the pump c i r c u i t quarterwave plunger i s adjusted so that the minimum 
punj) power i s required, which ensures that i t i s not, by chance, resonating the 
pun^ cavity at the upper sideband frequency. I f the frequency response i s not 
at the desired band centre frequency, the signal c i r c u i t resonant conditions 
are changed and the process i s repeated i m t i l the desired centre frequency i s 
achieved. 
At l i q u i d helixim temperature the diode current i s so small that the 
minimizing technique cannot be used. I t i s thus usual to pretune an amplifier 
at room tenrperature f o r minimum diode current, which must be done at about 
200 MHz below the required signal frequency to take into account the decrease i n 
diode jtmction capacitance on cooling. The f i n a l timing when cool may be 
carried out f o r mininnim pump power, but t h i s i s usually d i f f i c u l t since a 
coolable puinp c i r c u i t w i l l usually be long and highly reactive. At 4°K i t i s 
thus better t o tune f o r a minimum noise teniperature, when least pump heating 
w i l l be observed (see section 9 ) . 
6.4 Bandwidth Measurements 
Measurements of the frequency response of aniplifier SI14/I9 at room 
tCT5)erature and SD4/33 at l i q u i d helium temperature, obtained using the c i r c u i t 
shown i n f i g . 4 . 1 , are i l l u s t r a t e d i n f i g s . 6.11 to 6 . I 4 . Pigs. 6,11 and 6,12 
are f o r various tuning positions of the SD4/I9 device, resulting i n di f f e r e n t 
gain bandwidth products and diode currents. I t i s shown i n section 8 that a 
few microamps of diode current i s permissible i n room temperature amplifiers 
without serious degradation i n noise teniperature, which means that the maximum 
available bandwidth from the SD4/19 amplifier i s 60 Mz at I5 dB gain. Greater 
bandwidths, which are produced at p r o h i b i t i v e l y high diode currents, ( f i g . 6,12) 
correspond t o the s i g n i f i c a n t l y higher diode Y values that are obtained by 
pumping into forward conduction. At currents of 1 mA or more, such bandwidths , 
are enhanced by lower c i r c u i t Q values due to increased diode series resistance, 
(see equation 2.11 section 2 . 4 ) . 
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i?'iF,. 6.13 Freguenoy ResDonse of 3D4/33 x i m p l i f i e r a t Room Tem-i;erature 
showing a f f e c t of I n c r e a s i n g Pump Power, ( f o r = IQA.). 
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Figs. 6 . 1 3 and 6 ,14 show a series of responses of amplifier type SD4/33 
for various punip levels, at room and liquid helium temperatures respectively. 
With a generator/load impedance of 8Q the acceptahle l i m i t of diode current for 
this device occurs at I 5 dB gain, when a g a i i ^ • bandwidth product of 3IO MHz 
(varying slightly from diode to diode) is realised, which compares favourahly 
with the value of 28O ISEz predicted from section 3 . 5 . (This theoretical 
figure has "been reduced hy 0 . 7 2 to account for distributed signal circuit 
inductance.) With such circu i t conditions some 1 to 4 /iA diode current is 
measured at room temperature, or < 0.01 fik (due to an increase diode Y value) 
at l i q u i d helium temperature. 
Both SD4/I9 and SD4/33 amplifiers demonstrate the theoretical prediction 
that the bandwidth at a given gain can be increased by increasing, the generator/ 
load impedance. Such an increase requires a higher diode Y value, which may 
only be attained when the diode is driven into forward conduction. Table 6.1 
gives typical diode currents and gain^ . bandwidth products for a range of Rg 
values i n this amplifier. The increasing bandwidth shown i n figs. 6.11 and 6 . 1 2 , 
for the SD4/I9 device, is also for increasing Rg (approximately 10 to 200) 
which i n this device is i n f i n i t e l y variable but d i f f i c u l t to evaluate with 
accuracy. 
Table 6.1 
Typical Qain^ . Bandwidth Products and Diode Ourrents 
for various GeneratorAcad Impedances 
(amplifier SD4/33) 
Rg (n) Current at 15 dB gain (nA) ^ . b (MHz) 
8 3 310 
11 12 360 
1 2 . 3 20 400 
1 3 . 4 30 450 
The variation of centre frequency with amplifier gain, on increasing the 
pump power, and the maintenance of a constant gain^ • bandwidth, are both clearly 
seen i n f i g . 6 . 1 3 to be as predicted i n sections 3 .6 (see f i g . 3.4) and 3 .4 
respectively. A slight reduction i n gain^ • bandwidth was observed on cooling 
to 4.2°K (300 compared with 350 Mz), 
The photographs of the SD4/33 anplifier response at liquid heliimi 
temperatvire ( f i g . 6.I4) were of sufficiently long exposure (O.I sec) to indicate 
that any i n s t a b i l i t y due to bubbling (section 4.4) was completely absent. 
(Similar exposures of some broad-band responses ( f i g . 7"12) illustrate the effect.) 
60. 
7 . Broad-band Structures 
7 . 1 General 
An an^ilifier producing 3 0 dB gain over a 5 0 0 MHz band centred at 4 
with a noise temperature of 2 0 * ^ or less, i s required for the proposed satellite 
ccmmunication system. Such a bandwidth may be achieved with two 1 5 dB cascaded 
stages or two stagger tuned 2 5 0 MHz, 3 0 dB stages. However, an individual stage 
producing more than 1 5 dB i s tindesirable from the gain s t a b i l i t y point of view 
(section 2 . 7 ) , although an elaborate pximp frequency/level stabilisation system 
may allow operation at a higher gain. Operation of three 1 0 dB stages in 
cascade would probably eliminate the need for any form of pump stabilisation 
c i r c u i t r y , but the requirement of three amplifiers and associated pump supplies, 
power units etc. may be undesirable. 
I t has been seen that to achieve the required noise temperature with present 
day varactors, at least the f i r s t stage of amplification has to be cooled to less 
than 20°K and for stages of less than 2 0 dB gain the second stage must also be 
cooled to at least 77°E, I t was therefore decided to construct two broad-band , 
1 5 dB gain, l i q u i d helium cooled stages i n cascade. 
7 . 2 Additional Passive Signal Circuit Networics 
7 . 2 . 1 Realisation 
Passive reactance compensation of a 4 signal c i r c u i t i s 
most easily achieved with quarterwave coazial resonators. One stage of additional 
tvuiing may be i^alised with a tunable, parallel fed, quarterwave short c i r c u i t , 
one half wavelength away from the diode, when the required series/parallel 
arrangement of f i g , 3 . 1 5 is realised. The characteristic impedance of the 
quarterwave resonator must be chosen so that equation 3 , 1 6 is f t i l f i l l e d , ndiich 
means that for a given resonator at a required band centre frequency, there is 
only one correct tuning position and reactance slope, for a defined response 
shape. A more flexible arrangement (Aitchison et al 1 9 ^ 7 )» producing a range 
of reactance slopes at a fixed band centre frequency, involves the use of a 
wavelength tunable short c i r c u i t and a ^  wavelength tunable open c i r c u i t , one 
on either side of the signal c i r c u i t coaxial li n e , (Pig, 7 . l ) . The short 
c i r c u i t may be formed with phosphor bronze or brass and the open ci r c u i t with a 
dielectric (e.g, PTPB). When both stubs are symmetrically placed about the 
coaxial signal l i n e , the c i r c u i t i s identical to a quarterwave resonator, but 
movement of the stubs away from such a position allows a range of resonant 
frequencies, or reactsince slopes for the same resonant frequency, to be accom-
modated. Hhe admittance of the pair of stubs may be written: 
Y o tan -j^ - YQ cot 
6 1 . 
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where Yq i s the characteristic admittance of the line forming the stubs, and 
liand I2 are the lengths of the open and short circuits respectively. 
Additional quarterwave (or two ^  wave) resonators can be added at quarter 
wavelength intervals to form additional stages of reactance compensation. An 
alternate series/parallel arrangement i s maintained since the second of a pair 
of such resonators i s transformed by the f i r s t to a series c i r c u i t , 
A double tuned device (one additional resonator) based on the SD4/33 
amplifier i s illustrated i n f i g , 7 , 2 with part of the signal circuit removed to 
show the internal structure, A c i r c u i t , also based on the SD4/33 amplifier, with 
2 additional resonators i s shown i n f i g , 7 . 3 . 
I n order to vise a passively multituned device at liquid helium temperat\are 
the additional resonators must be externally adjustable. Previous experience 
with gears and long mechanical drives on the SD4/19 amplifier ( f i g , 6 . 5 ) was 
discouraging, A more successful method was developed involving the use of 
Bowden cables attached directly to the sliding open and short circuits and i s 
shown i n f i g , 7.4. Cap C i s fastened down with a vacuum seal whilst evac\iating 
the dewar prior to f i l l i n g with l i q u i d helium. After f i l l i n g , the cap can be 
removed for the necessary adjiisiaiients of the tuned circuits, the cables from 
which, are individually locked with screws. The amplifier shown i n f i g . 7 . 2 
was designed for use with this arrangement, 
7 , 2 , 2 Measurements 
The double tuned response of the SD4/33 device, at room 
temperature, with one additional resonator is shown i n f i g . 7.5» A bandwidth 
of 130 MHz at 15 dB gain, for less than 5 ^ iA diode current, is produced which 
represents a g a i i ^ • bandwidth product of 310, compared with the theoretical 
figure of 2 8 ^ A response for the device with two additional resonators i s 
ill u s t r a t e d i n f i g , 7 . 6 , and that for a device with three additional resonators 
in f i g , 7 . 7 . These l a t t e r two responses^ involve considerable diode current 
(> 100 /iA) and therefore represent gain^ . bandwidth products i n excess of 
theoretical values for zero current. 
7 . 3 Additional Active Signal Circuit Networks 
7.3 .1 Realisation 
T5ie relatively poor bandwidth capability of the passively 
compensated device and complexity of tuning at liquid helitam temperature 
(particularly i f 2 or 3 devices are required) led to the development of the 
two diode, actively compensated device, described i n section 3 . 8 , 2 , An early 
device was made up of two individually constructed SD4/33 amplifiers and 
operated from two pump stxpplies. Excessive intennodulation between the two 
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pump supplies ivas observed, so a cranposite structure of two identical amplifiers 
was made ( f i g . 7 . 8 ) which, with selected diodes, could be operated frem one pump 
source. The circuit of the device i s as drawn i n f i g . 3 . 1 6 , and the construction 
is il l u s t r a t e d i n f i g , 7 , 9 , 
7 . 3 . 2 Measurements 
The frequency responses shown in figs. 7 .10 and 7.11 are realised 
at room temperature for the device shown i n f i g . 7 .8 with negligible diode current, 
A gair^ . bandwidth product of 60O-*70O is thxis realised, (25O-*280 MHz at 15 dJ3 
gain) twice that for a single t\ined amplifier, vdiich agrees with the theory of 
section 3 . 8 . 2 , Considerable f l e x i b i l i t y of tuning is available with this device, 
through dissimilar pumping and dissimilar tuning of the diodes, but the widest 
maximally f l a t band\7idth is realised (with optimum Rg and quarterwave line 
impedance Zj,), for identical diode conditions. One amplifier pumped and the 
other unpumped or vice versa gave exactly the gain/frequency responses predicted 
i n figs. 3 . 2 4 . and 3 . 2 6 . The quarterwave line impedance (Z Q ) was 100 and the Rg 
value was 100, which, being s l i ^ t l y different from the optimum values predicted 
in the theory ( 1 2 0 and 8 .6O respectively) meant that slightly different piamping 
conditions were required for each diode for a maximally f l a t response. Identical 
pumping for the two diodes produced a response with 4 dB ripple. Some slight 
improvement i n gain^ , bandwidth may therefore be available i f the values of Rg 
and ZQ are corrected. 
At l i q u i d helivmi 25O MHz, 3 dB bandwidth, was achieved for two stages i n 
cascade ( 3 0 dB gain) but i n s t a b i l i t y from liquid helium bubbles was evident with 
the particular pump ci r c u i t used. Fig. 7 . 1 3 shows the response of a single 
stage at l i q u i d helium temperature and illustrates this gain instability. (The 
ragged appearance of these responses i s partially due to the feed 'and circulator 
responses as i n f i g . 4 . 6 and pa r t i a l l y due to noise on a low frequency amplifier 
used i n this particular measurement.) The noise temperature was checked with a 
single measurement at l i q u i d helium temperature and found to be the same as that 
for a single diode device (=* 16-*20°K:), within experimental l i m i t s , but this 
measurement was made extremely d i f f i c u l t by the gain in s t a b i l i t y due to helium 
bubbles. A reorganisation of the pump cir c u i t is expected to cure such 
i n s t a b i l i t y as i t did with the single diode device. 
Pig. 7 .14 shows one of these devices mounted on a liq u i d heliiim feed system 
and figs. 7 .15 and 7 . 1 6 show two devices i n cascade i n the f i n a l realisation 
of the broad-band l i q u i d helium cooled device. The two pairs of pump lines run 
out of the dewar, through attenuators (one in each l i n e ) , u n t i l each pair i s 
ccsnbined with a 3 dB coupler, ^ i c h is fed from the pump klystron. This 
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arrangement allows the necessary tuning of the individual diodes for a maximally 
f i a t rfeispbnse at liquid heittim ten?iera;ttire: Eatih device •tiki pireturied kt rbbm 
teniperdturei to sbiii6 200 iH^ 'belm the band centre frequenC^Fj hy iriieirtihg the 
appropriate sleeve fbr each ^ i g n i l c i r c u i t InductanciB; On cooiing, the Sand 
centre frequency difference was ta|£en up "by the change i n diode capacitance, 
80 that only the pump frequencies of the two stages and the pump line attenuators 
need be adjusted. 
I t was possible to stagger tune, rather than cascade, the two amplifier 
stages i n the fined design, to produce 500 MHz bandwidth at 15 dB gain as shown 
i n f i g . 7.17. 
7.4 Additional Active Idler Circuit Networks 
A device employing active compensation at the idler frequency was 
developed simultaneously as an alternative to the signal circuit actively 
compensated device and is illustrated i n figs. 7.18 and 7.19. circu i t i s 
basically two SI)4/33 amplifiers combined i n the idler c i r c u i t , with an additional 
quarterwave section i n one diode ci r c u i t . Both diode circviits were made to 
appear identical (series resonant) at the signal frequency, from the signal 
c i r c u i t T junction, by choosing the necessary lengths for each signal circuit 
inductive plug ( f i g . 7.18). However, i t i s noted that the signal phase is 
sligh t l y different for each diode with such an arrangement, but the idler phase 
is equal and opposite, so that pvimping the amplifier vd.th the same source w i l l 
result i n a reduction of gain* . bandwidth. The diameter of the half-wave 
section (at idler frequency) could be reduced, to increase the circuit inductance 
and hence equalise the signal phase relationship between the two diodes, but 
the restilting mismatch may be equally detrimental^ Idler circuit active 
compensation i s thus not as easy to realise as signal c i r c u i t active compensation. 
The development of this device was not pursued further than the earlier 
stages, when success was achieved with the actively compensated signal cii«uit 
device, but a gain* . bandwidth product of about 500 MHz was obtained, (300 MHz 
bandwidth, 10 dB gain, v/ith a 4 dB ripple). The frequency response indicated 
that i d l e r resonances were occiiring additional to those expected from the 
simple two diode c i r c u i t . At 30 GHz such resonances are d i f f i c u l t to eliminate 
from the two diode coaxial structure, 
7.5 Conclusions 
I t i s obvious that the simplest way to achieve a specified bandwidth 
is with single tuned amplifiers (e.g, with h i ^ quality diodes i n a balanced 
diode c i r c u i t ) , i f varactors of sufficiently high quality are available. Failing 
this single tuned amplifier circuits may be broad-banded with either passive or 
active circuits. 
j ' i g . 7.17 Gain/Prequency Response of Two Stagger-Tuned A m p l i f i e r s 
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Any additional pasBive circuits must be externally adjustable at low 
temperatures, whicb adds considerable complexity, Hirthermore the available 
bandwidth with such circuits may not be sufficient for many applications. (To a 
good approximation the bandwidth of an amplifier with one additional resonator is 
g a i i ^ times the bandwidth of a single tuned amplifier at the same gain.) 
Broad-banding with active circuits is more convenient at low temperatures 
and yields considerably more bandwidth (twice the g a i i ^ . bandwidth of a single 
diode amplifier). Using a basic single diode structure with a gain^ , bandwidth 
of 350 MHz, a broad-band l i q u i d helium structure of two cascaded amplifiers 
active signal c i r c u i t compensation, has been developed, which gives 250 MHz 
3 dB bandwidth, at 30 dB gain, for a 16\ noise temperature. This structure may 
alternatively be operated with 5OO MHz bandwidth at 15 dB gain. Cooling from 
room to l i q u i d helium temperature requires no mechanical readjustment of any 
part of the amplifier, since a l l the aicplifier circuits involve the same 
capacitance change. I t i s evident that much greater bandwidths would be available 
i f two single or balanced diode amplifiers, having greater gain^ . bandwidth 
pjroducts than 350 MHz, were used. 
Idler circuit active compensation also appears to be practical, although 
sl i g h t l y more d i f f i c u l t to realise. 
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8, The Noise Temperature of Room Temperattge Devices 
8,1 General 
The two most important sources of noise at room temperature arise 
from thermal and shot effects. These have been investigated with amplifiers 
SD4/I9 and SD4/33, f o r which the excess noise tenjjerature (equation 2,14) due 
to noise sources (v^, ) and C ^ ) at the signal and i d l e r frequencies should bej 
4kBR. (v^, ) + (v2 g2 
/ 3 
8,2 Thermal Noise 
The v a l i d i t y of equations 2,15 and 2,16 has been demonstrated by 
many workers (e,g, Uenohaya I96O), Equation 2,16 i s plotted i n f i g , 2,8 i n 
which the cvtrve f o r Yf^ = 24 applies f o r the CAY10 varactor. The theoretical 
noise temperatures of the two amplifiers type SI)4/19 and SD4/33 can be read 
d i r e c t l y from t h i s graph and are l i s t e d i n the table below along with the 
measured noise temperatures at zero diode current, after the subtraction of 
noise from external input l i n e loss. An attempt was made to measure the 
inte g r a l amplifier signal c i r c u i t loss by the r e f l e c t i o n method, without a 
diode i n the amplifier, and t h i s varied between 0,2 and 0,5 dB depending on 
the Rg value. There i s however a large possible error i n t h i s measurement, 
since the open c i r c u i t was found to radiate. The amplifier integral signal 
c i r c u i t loss probably accounts f o r most of the discrepancy between the 
th e o r e t i c a l and measiired noise temperatures, but any remaining difference may 
be explained by uncertainty i n the diode Tfg product, uncertainty i n the 
amplifier Rg value, or noise at an unwanted frequency, (see part 4 of t h i s 
section). 
Table 8.1 
Aii5)lifier 
Noise Temperature °K 
Theoretical Measured ± 8°K 
SD4/33 
Rg = 80 146 170 
Eg = 11Q 106 140 
Rg = 13.40 87 130 
SD4/I9 153 175 
66. 
8.3 Shot Noise 
A few varying figures f o r shot noise i n parametric amplifiers have 
been quoted i n the l i t e r a t u r e , (Uenohara and Elward 19^4, Gsirbrecht and 
Metzger I963) and a study has been made by Josenhans (I964) f o r s i l i c o n and 
gallium arsenide varactors, Josenhans foxind agreement with simple theory f o r 
gallium arsenide diodes, but disagreement by a factor of two or more f o r 
s i l i c o n diodes, A detailed study was therefore mde. 
8,3.1 Theory 
The theory of shot noise i n p-n junction diodes proposed by 
Van der Z i e l (I958) and Uhlir (1958b) can be used to derive a varactor 
equivalent c i r c u i t f o r shot noise components as i n f i g . 8,1. I n t h i s i s the 
encapsulation capacitance, i s the t r a n s i t i o n capacitance, which i s usually 
considered,as the t o t a l junction capacitance, and Rg, the series resistance, 
i s a function of bias. represents the low current junction conductance 
el, 
and the current generator ( i f ) = 2eI^B represents the noise contribution 
of the d i f f u s i o n current, I ^ . At high frequencies the junction admittance i s 
modified by Yg, due to minority carriers returning to t h e i r region of ori g i n , 
and which shows f u l l thermal noise (i| " ) = 4kTG2B, where Gg i s the r e a l part of 
T2 (Van der Z i e l I958, Uhlir 1958b). The imaginary part of Yg can be expressed 
i n terms of the storage capacitance Cg, which must be included i n the t o t a l 
jxinction capacitance at high forward cvirrents. Nowj 
Cg « G, Tp ( i f » n^) 
where Tp i s the l i f e t i m e of holes i n the n region (Greiner), 
The t o t a l mean squared shot noise cxirrent may therefore be wr i t t e n ; 
( i f ) = 2 e ( l , + Ij,)B + 4kTG2B + 2eIgB 8.1 
which includes the effect of holes generated i n the n region and. diffusing 
across the jimction. I n most varactors 1^  i s less than 10''' amp, being almost 
independent of applied voltage and therefore not of interest i n the study of 
forward current shot noise. Thus; 
( i ^ ) = 2eI,B + 4kTG2B 8.2 
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X 
C t 5G1 2 H'l H i 2 
or, i n terms of voltage generators i n series with the diode elements? 
r 
(v^) = (2eI,B + 4kTG2B) 1 
(G, + Gg)^ + «2(c^ + c^)^ .8,3 
at angular frequency w. Since B.C. cvirrent also flows through the bulk 
resistance a small noise term ( i | ) , should also be included. Substituting f o r 
(Vg, ) and (vgg) i n equation 2,14 and including ( i f ) gives; 
T e(shot) 4kBR. 
(2eI,B - 4kTG»B) 
2eI,BR| 
4kBR„ 
(2eI,B + 4kTG2B) 
8 [(G, + G2)2 + 4(C, + Cj 
p i 
+ 2eI,BRg 
Now the factor 2eI^BRj i s small and G^  i s negligible f o r the range of 
currents considered. The storage capacitance Cg i s also negligible f o r t h i s 
range of currents i f T « 10''° sees, so to a good approximation* 
T e(shot) 
2el, + 4kTG2 
4 ^ ; _(G|+a.?c5) (G| + 4 c f ) j V f 2 . .8,5 
where C^  « C^ , For negligible noise from stored carriers t h i s becomess 
e(shot) 2kR e 
1 1 ( /Yf 
2 
,8,6 
An i d e n t i c a l expression can be evolved f o r the balanced diode amplifier sincej 
( v ^ ) balanced = 4(v|2) single diode and 
(;^,) balanced = (v^,) single diode, 
8,3,2 Noise Measurements 
These were carried out on the SD4/33 "type amplifier, since 
the Rg value of SD4/I9 i s d i f f i c u l t to assess. An increase i n the pump level 
to the device gives increased gain and diode current against which measurements 
of noise temperature were made, and by changing the signal c i r c u i t transformer 
r a t i o , these were obtained f o r various values of generator/load impedance. 
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Using six individual diodes, about t h i r t y series of measurements were made, 
from which f i v e representative graphs are shown i n f i g . 8.2. The maximum 
error f o r these points i s t 8°K, most of which arises from tmoertainty i n the 
an?)lifier gain during measurement, and applies only f o r the points at lower 
gain. A measvirement of gain was made "before and a f t e r each noise reading and a 
change of greater than 0.2 dB meant that the noise reading was discounted. The 
effect of input l i n e and c i r c u l a t o r losses has "been subtracted f o r these 
measurements, hut loss i n t e g r a l with the amplifier struct\are remains, which 
could lead t o a maxinium systematic error i n shot noise/diode current slope of 
The diodes were self-biased and did not reach reverse hreakdown, so that 
reverse current shot noise was avoided. 
A number of interrelated factors must he considered i n the interpretation 
of these graphs, namely, the effect of varying resonance conditions i n the 
signal and i d l e r c i r c u i t s and the increase i n Y, C^ , and Rg with forward 
cvirrent. The evaluation of the amplifier frequency response f o r various 
values of peak gain (or punip power l e v e l ) , at a fi x e d pump frequency, as was 
carried out i n section 3.6 can he used to determine these factors. I t was seen 
that an increase i n the p\imp power to the aniplifier, over that f o r the 
condition of minimum diode current ( i . e . resonance), caused the frequency, of 
maximum gain no longer to he the resonant frequency of the signal c i r c u i t , nor 
to he the difference between the pump frequency and the i d l e r c i r c u i t resonant 
frequency (see f i g . 3»^A)» Hence the v a r i a t i o n of centre frequency gain with 
pump power does not d i r e c t l y indicate the va r i a t i o n of junction capacitance. 
The f a c t must also be considered that an increase i n the puinp power to the 
Moplifier, over that f o r the condition of minimum diode current, w i l l introduce 
reactance in t o both signal and i d l e r c i r c u i t s , unless the pump frequency i s 
adjusted. Reactance i n these c i r c u i t s does not d i r e c t l y degrade the aniplifier 
noise temperatiire, but gives lower amplifier gain f o r a given noise temperature, 
or conversely^; higher diode current, f o r a given gain, and w i l l also mean that a 
higher value of negative resistance, and therefore Y, i s required f o r a given 
gain. 
The effect of Y and junction capacitance variations on arnplifier noise 
temperature f o r a given generator/load impedance can thus be calculated ftomi 
"^ eC total) " ''^ e( thermal) ^ "^ eCsliot) 
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I . e . •"eC total) 
R 
rp «L 
/Yf \' 
'At) 2kH„ .8.7 
rementoering that the cu-t-off frequency, = ^^J'^ , depends on the variation 
of Rg and Cj wit h forward current. As forward current i s increased w i l l 
increase, r e s u l t i n g i n s l i g h t l y less t o t a l shot noise than with a constant Cj, 
and Y w i l l increase, res u l t i n g i n s l i g h t l y more thermal and shot noise 
(transferred from the i d l e r c i r c u i t ) than i f Y was constant. Equation 8.7 has 
heen evaluated f o r a change i n amplifier gain from 10 to I5 dB and yields a 
negligible noise temperatxire change f o r a l l values of Rg. This i s "because the 
effects of increasing Y and junction capacitance are roughly equal and opposite, 
the effect of increasing R being i t s e l f negligible (< 3°K). Table 8.2 
summerizes t h i s r e s u l t , the f i r s t column being f o r constant and the second 
f o r constant Y, 
Table 8.2 
Change i n Noise Temperature due to v a r i a t i o n i n Y and Cj 
( f o r an increase i n gain from 10 to I5 dB) 
Rg (0) AKT (°K) due to Y increase 
AHT (°K) due to 
Cj increase 
8 15.8 -20 
10 16.3 -21 
12.3 17.7 -22 
13.4 16.8 -23 
8 . 3 . 3 Diode I^amic Characteristics at the Pump Frequency 
These were described i n section 5*3 and indicate the a c t i v i t y 
of stored carriers i n these diodes at the pump frequency. I t might be expected 
that even below the threshold of avalanching, significant stored carrier 
currents could be flowing, to contribute to the t o t a l shot noise. 
8.3.4 Comparison of Measurements with Theory 
The graphs of noise teinperature versus diode current f o r various 
values of generator/load impedance plotted i n f i g , 8.2 along with the 
expression f o r noise temperature without high frequency terms (equation 8 ,6 ) 
show good agreement f o r low diode current and pump levels, and so i n t h i s 
region, Tg = °K//iA. The greater slope which i s evident f o r higher currents, 
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implies the presence of another noise source, and the diode dynamic characteiv 
i s t i c s under pumped conditions indicate the pr o b a b i l i t y of s i g n i f i c a n t minority 
c a r r i e r currents. Diodes which showed the anomalous negative resistance effect 
at low currents and pumping levels, departed from the simple npise theoiy at 
lower levels and vice versa. Thus some curves, p a r t i c u l a r l y those f o r low 
values of generator impedance and therefore r e l a t i v e l y low pump levels showed 
good agreement wi t h the simple theory (e.g. f i g , 8,2a diode I I ) and others, 
usually f o r high values of generator impedance, disagreed f o r the whole range of 
measurements (e,g. f i g , 8,2b diode I I I and f i g . 8.2c), but most diodes i n most 
situations showed a s i g n i f i c a n t change i n noise ten5>erature/diode ciirrent slope 
w i t h i n the range of measurement (e,g, f i g . 8,2a diode I and 8.2b diode I I ) , 
The use of equation 8,5 to explain these conditions therefore seems to be 
j u s t i f i e d . 
The current from stored minority carriers may be estimated from the graphs. 
I f t h i s i s equal to AI, and the t o t a l measured current is^ I ^ , then? 
I . = I i - AI, 
but the t o t a l current contributing to shot noise, I j j , i s given by; 
In = I1 + AI, 
provided that forward and reverse current pulses are uncorrelated (Uhlir 1958). 
So: 
I„ = I . f i + 
n m \^  1 - A / 
I f the noise temperature graphs i n f i g . 8.2 have straight lines drawn through 
those points which do not agree with simple theory, these are found to correspond 
to values of A between 0.25 O.4, From the equivalence 2eIj,B s 4y3!G^'B i t can 
be shown that values of conductance (Gg) required to agree with these points, 
l i e i n the range 33In to 471^' 
The p o s s i b i l i t y of pump heating of the diode spreading resistance must also 
be considered, but f o r a room teinperature device t h i s should not be significant, 
(see section 9 ) , Two other phenomena are apparent which might add significant 
noise to parametric amplifiers on increasing the puinp l e v e l . F i r s t l y , an 
analogous process to shot noise due to the presence of a strong A.C. signal ( i n 
t h i s case the punrp signal) w i t h the weak signal to be amplified ( B u l l and 
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Bozic 1967) and secondly, the p o s s i b i l i t y of non-sinusbidal pumping, which 
e f f e c t i v e l y reduces the junction admittance f o r a given diode current and hence 
increases noise power output. The assumption that a sinusoidal pump voltage 
i s applied nay be v a l i d i n the i n i t i a l tuning conditions referred, to i n 
section 8 . 2 . 2 , when the pump c i r c u i t i s also brought to resonance, but may be 
vcpeet on increasing the pxunp l e v e l . 
Prom the good agreement wi t h simple theoiy f o r low generator/load impedances, 
i t would appear that the l a t t e r two effects are not s i g n i f i c a n t . 
I t therefore seems probable that diodes with properties favouring minority 
oarriier storage (e.g. a long minority carrier l i f e t i m e , a steep impurity 
gradient across the junction, and a small junction area), show high values of 
shot noise. Josenhans ( I964) has reported high values of shot noise f o r 
s i l i c o n diodes, which may be explained by the long minority carrier l i f e t i m e 
(10"7 sees) con5)ared w i t h the reciprocal pvmrp frequency. Although Tp i s less 
i n gallium arsenide (« 10"'*' sees), f o r diodes w i t h a small junction area and 
steep impurity g i ^ i e n t (as i n a CAYIO), i t would appear to be long enough to 
allow s i g n i f i c a n t storage at 34 GHz. 
I t i s also noted that diodes with "soft" reverse characteristics w i l l , as 
we l l as d i r e c t l y adding noise current ( l ^ i n equation 8.1 i s then s i g n i f i c a n t ) , 
encourage impact ionization and avalanching on the reverse cycle. 
8.4 Noise at Related Frequencies 
Noise can be transferred from a frequency related to the three 
frequencies of the device, i f a termination exists f o r that frequency. I t i s 
assumed i n the simple analysis, f o r open c i r c u i t harmonics, that a l l harmonics 
and intermodulation products see a con^lete open c i r c u i t . Any termination at 
one of these frequencies adds a further term to the noise temperature 
expression (equation 2 . 14 ) , analogous t o the term f o r i d l e r c i r c u i t noise. An 
upper sideband termination i s most detrimental (Pearson and Hughes I966) , but 
t h i s i s acoon5>anied "by reduced amplifier gain and apparently reduced diode 
efficiency. F i n i t e terminations at other frequencies have much lower transfer 
functions and even i f comparable to the i d l e r c i r c u i t termination (Rg), would 
introduce a noise term at least an order of magnitude less than noise 
transferred from the i d l e r termination. Care i s taken i n the design of 
amplifiers t o eliminate ary possible iqjper sideband termination (see section 3»5) 
but i t i s possible that a small proportion of the discrepant^ between the 
t h e o r e t i c a l and measured noise temperatures of aniplifiers SD4/I9 and SD4/33 
arises i n t h i s way. Inclusion of iqjper sideband terms i n the diode inpedance 
matrix (section 2 .2) indicates that a termination of 100 at the upper sideband 
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frequency would lead to an increase i n noise temperatxire of only 7»5°K f o r the 
SD4/33 device w i t h R^ = 8n, but a termination approaching Eg (2.50) would lead 
to 3 5 ° ^ extra noise, when the amplifier gain and apparent varactor efficiency 
would be much reduced, 
8,5 Conclusions 
The simple expressions f o r thermal noise are ob^ed within experimental, 
l i m i t s , and give room temperature noise ten^peratures f o r SD4/I9 and 31)4/33 
amplifiers as approximately 160 and 150°K respectively. 
Shot noise i n parametric amplifiers using gallium arsenide varactors i n 
s e l f resonant i d l e r configurations, at low forward currents and low input/output 
impedances i s given by» 
T = 
° 2kRg 
which i s usually 2 -* 10°K/hA depending on the c i r c u i t and diode parameters. 
For higher impedances (and hence higher pximp iriput l e v e l s ) , and f o r higher 
currents, some 8 -» 15°K/uA i s measured which can be accounted f o r "by the 
inclusion of an additional noise term to represent a significant stored minority 
c a r r i e r current. 
Noise at related frequencies should hot be si g n i f i c a n t i f care i s taken to 
ensure the absence of an upper sideband termination. 
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9» The Noise Temperature of Cooled Devices 
9.1 Measurements 
Noise temperature measurements vere made f o r a number of diodes i n 
amplifier SD4/33 at l i q u i d a i r , l i q u i d nitrogen and l i q u i d helium temperatures, 
and f o r amplifier SD4/19> at l i q u i d helium temperature. 
The apparatus described i n section 4 was used f o r a l l the measurements on 
cooled amplifiers and the results of the measurements at 4°K are shown, f o r 
various values of amplifier gain, i n Figs. ^ ,^ and 9 .2 . These points represent 
the noise temperature at the input terminals of each amplifier, noise from 
r e s i s t i v e loss i n the feed and c i r c u l a t o r (tables 4«4 and 4*5) having been 
subtracted. Noise measurements at l i q u i d a i r temperature were carried out on 
amplifier SD4/33, with l i q u i d a i r i n the outer wall of a helium dewar and 
gaseous helium siirrounding the amplifier. A thermocouple on the body of the 
amplifier indicated the amplifier temperature. Liquid nitrogen temperature 
measurements on amplifier SD4/33 vrere, on the other hand, obtained "by dfipping 
the lower end of the amplifier block (Fig. 6 .6) d i r e c t l y i n t o l i q u i d nitrogen 
contained i n the small dewar. A room temperature circula t o r was used fo r t h i s 
l a t t e r measurement. 
Great care was exercised i n taking noise measurements; amplifier gain was 
checked a f t e r each noise reading to ensure that no change had occurred and each 
point on the graphs represents the average of at least f i v e noise measurements. 
The v e r t i c a l lines on Figs. 9»1 and 9*2 represent the maximum random error at 
each point, not from the spread of readings, but from the error analysis of the 
noise measuring equipment. The spread of readings at each point was within the 
range of the v e r t i c a l lines at a l l points. 
A comparison of the results of the noise measurements at the various 
temperatures i s presented i n tables 9«1a and 9.1b, f o r the two amplifiers. I t 
i s seen that the noise temperatures at 4°K do not show a direct temperature 
prop o r t i o n a l i t y . Ihereas the l i q u i d nitrogen temperature noise measurements, 
within experimental l i m i t s , are very nearly i n proportion to the physical 
temperature as predicted "by equation 2.16. 
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Table 9.1 
Amplifier Noise Temperature at Various Ambient Temperatures 
(a) SD4/19 (At 15 dB Gain) 
Physical Noise lilax. Possible 
Temp. °K Temp. °K error °K 
290 180 i 10 
. 4, 15 i 3 
(b) SD4/33 (At 15 dB Gain) 
Physical Noise Max. Possible 
Temp. °K Temp. °K error K 
290 160 t 1 
110 65 ± 5 
77 40 ± 5 
4 11 t 3 
Furthermore i t i s noted from Figs. 9.I and 9.2 t h a t the noise temperature 
of l i q u i d helium cooled devices increases vTith amplifier gain (or pump power 
leve l ) yet the diode D.C. current which xras monitored throughout each measure-
ment d i d not exceed 0.01 /uA. The results for amplifier SD4/19 ( J l g . 9-1) are 
fo r three values of generator/load impedance (H^) and show that the noise 
temperature/diode current slope depends on t h i s parameter. Since the pump 
power required f o r a given gain i s proportional to Rg, t h i s dependence of the 
noise temperature/diode current slope on Eg i s further evidence that amplifier 
noise temperature depends on pump power. Higher noise temperatures than those 
shown i n Figs. 9*1 and 9«2 were observed f o r both amplifiers vdien the signal 
and i d l e r c i r c u i t s were not on resonance ( s l i g h t l y detuned pump frequency). 
At 15 dB amplifier gain the excess noise over that predicted from 
equation 2.l6 i s seen from Figs. 9.I and 9.2 to be 9°K for amplifier SD4/33 
and 11°K f o r anqjlifier SD4/19, (when each i s correctly tuned) resulting i n 
input noise temperatures of 11 and 15°K respectively. This means that, with 
each amplifier mounted on a cryogenic feed, a noise temperature of some 17°K 
(SD4/33) or 21 °K (SD4/19) i s measured at the feed input flange (see Fig. 4.6), 
f o r 15 dB gain. A few degrees of excess noise i n a s a t e l l i t e receiving system 
can be c r i t i c a l and can mean considerable expense i n terms of increased 
s a t e l l i t e transmitting power or receiving a e r i a l efficiency. The extra 10°K 
of noise over the figure predicted from simple theory i s therefore of practical 
as well as academic importance. For these reasons the possible sources of 
noise at l i q u i d helium temperature are now examined i n some d e t a i l . 
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9*2 Possible Sources of Noise at Liquid Helium Temperature 
9.2.1 Thermal 
Equation 2.16 predicts a linear decrease i n thermal noise with 
physical temperature provided that a l l other factors i n the equation remain 
constant. However, R^ , Y, f^ and fg a l l change s l i g h t l y with temperature 
(section 5) and. the theoiy must be modified accordingly. The fact that a 
gair^, bandwidth product i s obtained at l i q u i d helium temperature comparable to 
that a t room temperature, confirms that the change i n these factors i s s l i g h t 
or self-compensating. Allowing f o r a i n increase i n Ra at l i q u i d helium 
temperature, the noise ten5)eratures predicted hy equation 2,16 for amplifiers 
type SD4/33 and SD4/19 are 2.5 and 4»6°K respectively. (A lower figure i s 
expected f o r the SB4/33 device because of the higher i d l e r frequency). 
9.2 .2 Shot Noise 
This should not be evident f o r a correctly designed amplifier. 
I f the diode D.C. current i s less than 0.1 (lA i t has been seen (section 8) that 
less than 0 ,4 to 0.8"Z of noise should be added, dependent on the amplifier 
c i r c u i t parameters. The p o s s i b i l i t y that the observation of zero D.C. current 
at 4°K i s due to the complete storage and return of diffused carriers (see 
section 8) must be considered but measurements of the diode dynamic character-
i s t i c s at these temperatures do not indicate greater storage than at room 
temperature. However, storage at low currents w i l l be negligible at room 
temperature, but may be sig n i f i c a n t at 4 ^ « Plirthermore, the increased diode 
contact p o t e n t i a l and s l i g h t l y shortened reverse characteristics (KLg. 5*3) w i l l 
increase the l i k e l i h o o d of reverse current due to impact ionisation from stored 
c a r r i e r s . The pumped dynamic c h a r a c t e r i s t i c s of one pa r t i c u l a r 
diode measured at 4°K revealed a peak forward current of 0.8 jxA 
on the curve t r a c e r , yet zero t o t a l D.C, current was indicated on 
a microammeter. This meant that the t o t a l current contributing to shot 
noise may be 1.6 ^iA or more which would add at least 6 to 12°K to the amplifier 
noise temperature. However, the reverse characteristic of t M s diode was seen 
to be s l i g h t l y " s o f t " (breakdown 6 v o l t s at room temperature) and the effect 
could not be repeated with other diodes at the pump levels required for the 
operation of either type of amplifier. 
Shot noise should therefore not be important f o r a correctly designed 
amplifier at 4°K but the p o s s i b i l i t y of an anomalously low D.C. current measure-
ment due to minojrfLty carrier storage cannot be ruled out. 
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9.2.3 Quantum Noise 
The parametric process depends on energy transfer from the 
pump frequency, and therefore a noise l i m i t a t i o n i s imposed due to the quantized 
nature of the pump input. I f a pump frequency photon i s considered to be 
absorbed with the simultaneous emission of signal and i d l e r frequency photons 
then i t can be shown (Lo u i s e l l , Yariv and Siegman 19^1) "tiiat the signal output 
w i l l have an additional noise power of hfB, which i s the same as the l i m i t i n g 
noise power of a maser and corresponds to an excess input noise temperature of 
about 0;2°K at 4 GHz. 
9*2.4 Capacitance Fluctuation Noise 
The varactor junction capacitance w i l l have a s t a t i s t i c a l 
f l u c t u a t i o n caused by the releasing and trapping of electrons by impurity 
centres (Giacoletto I961). This may be written as a noise current generator 
i n p a r a l l e l with the junction capacitance, of magnitudes 
e(V, + J^)''^ n^AF 
( i ^ ) - 2e^-~ E l (1 - co) (0 kr B ... 9.1 
where n^ = number of donor atoms/mtr^ 
A = area of junction 
F = mdth of junction 
equilibrium probability of ionisation of donors 
Vb = bias voltage 
diode barrier potential 
B = bandwidth 
ionised donor l i f e t i m e 
Substituting the parameters f o r the CAY10 diode at 4°K gives 
( ? ) = ^ i ^ . 7.21. 10-'^ B ... 9.2 
° ( r i n ^ isec.) 
and the equilibrium p r o b a b i l i t y of ionisation of n^ = 10*^  n type gallium 
arsenide at 4»2°K i s 0.6 ( i n f e r r e d from conductivity measurements) so t h i s noise 
contribution i s negligible f o r any r e a l i s t i c value of r^ ^ . 
9.2.5 Pump Heating Noise 
Dissipation of pump power i n the diode resi s t i v e regions can 
raise the temperature of these regions and lead to additional thermal noise. 
Garbrecht (1966) the only person as yet to have published detailed noise 
measurements on l i q u i d helium cooled parametric amplifiers, has endeavoured to 
explain the excess noise that he also measured i n terms of t h i s process. 
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However, two shortcomings of Garbrecht's analysis of pump heating are evident. 
F i r s t l y the thermal resistance of the diode used has been measured by a method 
which assumes a temperature proportionality of resistance. That i s , the diode 
i s pulsed with a r e l a t i v e l y high forward current (a few mA) so that heating 
occurs, the degree of which can be interpreted i n the pulse off-time by a« 
resistance measurement, provided that the diode resisj^^e/^temperature 
c a l i b r a t i o n i s known. However, the bulk of the diode Resistance i s i n the n 
region and the contact| the p region, which has a very high thermal resistance 
due to impurity scattering, (see Holland, I966) i s of negligible e l e c t r i c a l 
resistance (=« 0.in) and w i l l not be detected i n any such measurement of the 
t o t a l diode thermal resistance. Secondly, Garbrecht has assumed that the 
change i n thermal conductivity of gallium arsenide i s negligible over a 
temperature range around 4«2°K, but i t has been shown (Holland I966) that t h i s 
factor i s proportional to T^ and cannot be taken as constant. I t w i l l be seen 
that the assumption of a temperature independent thermal conductivity allows 
an analysis of pump heating to give almost exact agreement with noise measure-^ 
ments, but that modification of the theory to take i n t o account the temperature 
v a r i a t i o n of thermal conductivity shows pump heating to be negligible. 
Analysis 
The thermal resistances (defined as the inverse of thermal conductance) 
of the various diode regions (as shown i n Fig. 5»2) are l i s t e d i n table 9*2 
f o r room and l i q u i d helium temperatures. The figures at 4°K have been obtained 
by applying results of low tenrperature thermal conductivity measurements 
(Holland I966 and Eosenburg 1955) to the diode geometry. The high p region 
thermal resistance i s noted, which i s due to impurity scattering. (The error 
i n t h i s factor allows for the possible error i n extending Holland's data for 
18 
lower doping levels (up t o nj^ = 10 ) to give a figure 
n^e10^'gallium arsenide). 
Table 9.2 
Thermal Resistances of the Diode Redone 
Region 
(see Fig. 5.2) 
Thermal Resistance ^ / w a t t 
at 29OOK at 4°K 
p type GaAs 700 10^-^ lO'' 
n type GaAs 
mesa p i l l a r 
700 88 ± 10 
n type GaAs 
wafer 
500 40 ± 5 
gold bead 70 55 ± 20 
gold wires 1440 1100 ± 400 
Zovar base 50 25 ± 10 
78. 
The components of the diode t o t a l series resistance have been l i s t e d i n 
table 5«2. I t i s noted that the skin effect plays a part i n determining t h i s 
factor but i s neglected i n the following analysis. 
The diode model may be sim p l i f i e d t o that of Fig. 9«4 , i n which a uniform 
cross sectional area has been taken f o r the various regions and the lengths of 
the regions adjusted accordingly. (This sim p l i f i c a t i o n i s possible because 
most of the diode thermal and e l e c t r i c a l resistance occurs i n the mesa p i l l a r , 
the gold contact and the gold wires). 
Pump heating w i l l cause a temperature r i s e over ambient for each region 
according to the power dissipated, which, provided that the change i n e l e c t r i c a l 
resistance with temperature i s negligible f o r each region, w i l l produce a noise ' 
temperature ofs 
n-aE \' 
nt=d 
0 
9.3 
( f o r uniform dissipation throughout each region). Subscripts a, b, c and d 
refer to the n type GaAs, p type GaAs, contact and wires r^sgeqtively, which 
form the four diode regions and I and R are the lengths and|resistances of 
each p a r t i c u l a r region. 
The temperature p r o f i l e T(X) i n any region can be evaluated from the 
equation of heat conduction f o r the region. This may be written (Jacob)s 
4^_iL_ , 0 . . . . 9.4 
dx A ktjjke 
Tirfiich defines the temperature T at any point x i n a uniform region of cross 
sectional area A. The factors k^^ and kg are the thermal and e l e c t r i c a l 
conductivities respectively and i i s the e l e c t r i c a l current flowing through 
the region. I f k^j^ and kg are independent of temperature then integration 
givess 
T = - ~ - + Cx + D ... 9.5 
.2 
where K = — = and C and D are a r b i t r a r y constants. However, f o r gallium 
arsenide at 4*'K:S 
t h " (4.2)' 
where a « 3 (Holland 1966). 
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9.3 Diode Regions Influencing Pump Heating 
Heat 
Sink 
Contact 
Heat 
1 Sink 
GaAs Bead-and 
•Fig. 9«4 Uniform Model of Diode Regions • 
Heat 
Sink b c >< »< 
n P GaAs GaAs gold 
Contact 
Heat 
Sink 
Putting « p(x) and integrating givess 
« C(x + D)^ - ^  ... 9.7 
where K = ^ ^^'^^ and C and D are a r b r i t r a r y constants. Thus equation 9«7 
A ke^th {it.2) 
can he applied to region a and h (GaAs) and equation 9«5 cai^ ^  applied f o r 
region d (gold), the thermal conductivity of which i s almost independent of 
temperature (Rosenburg 1955)* I'le contact region i s d i f f i c u l t to analyse, hut 
to a f i r s t approximation i t may he considered as extremely t h i n and of uniform 
temperature. That i s , a f r a c t i o n of the t o t a l pump power can he considered as 
dissipated i n an i n f i n i t e l y t h i n region which has a t o t a l thermal resistance 
hetween i t and ambient of; 
Rthd (Rtha + R thb) ^ , 
. R ^ . R ^ ...9.8 
tha tnb Vba 
The following equations, obtained from the boundary conditions f o r the 
various regions may thus be wr i t t e n : 
C t? = Ca(la+ Da) - 7?^ ••• 9.10 a 
2 
t , = CbDb - 9.11 
t | = D,)' - ~ ... 9.12 
tg = ... 9.13 
2 
T = - l.C^ + ... 9.14 
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vrfiere i s the heat sink temperature and t , and tg are the temperatures at 
the "boundaries between regions a and b and regions b and d respectively 
(tg i s also the contact temperature). Now the heat continuity equation holds 
at each boundary, i . e . i 
k. - T — a -5— (neglecting 
dissipation i n the contact). So; 
(^a+ \K - W b 9.15 
/ t2 \^  (lb+ Db)Ctkb 
and \ 7—5" + 
\ 4 . 2 ; t g 
Cdkd ... 9.16 
The constants C and D f o r each region and the temperatures t ^ and tg can thus 
be evaluated from these equations i f and etc. are known. Now5 
^ " a \ k 
* "^ ea"^  tha Hu2) 
2 
but k = Ts- and P = i_R_ where P i s the 
ea ACIQ P S 
pump power supplied to the diode and ip i s the peak current i n the diode at 
the pump frequency. So: , 
P(4.2)^Ra 
^s'^ tha (Zt.2) ^ ^a 
Similar expressions may be wri t t e n f o r K^^ and K^ , 
Now, since: 
i^P i V = • where v and i are the peak p wCj p p 
pump voltage and current excursions respectively. Thus: 
P = v^fij^C^R. ... 9.18 
8 1 , 
The pump power required f o r a given diode Y value cein now be calculated via 
equation 2.4> and thus, i n turn, the pump power required f o r a given gain can 
be calculated from equations 2.6 and 2.7 ( f o r a given value of R^). Pig. 9*5 
i s a p l o t of the required T values and pump power levels for values of gain 
between 8 and 20 dB for the SD4/33 amplifier. Values of these factors, required 
at a given gain, f o r the SP4/19 amplifier are obtained by dividing those f o r 
the SD4/33 amplifier by 3.3 (the square of the pump frequency r a t i o f o r the two 
devices). 
V/hen the parameters fo r the CAY10 diode (tables 5 .2 and 9 . 2 ) are substituted 
i n eq.uation 9.17 "to give values of K for each region, (which allows t , and t g to 
be evaluated from equations 9.9 "fco 9.16), i t i s seen that t ^ and tg are l i t t l e 
above 4.2°K f o r either amiDlifier i f T i s 4.2°K, ( t , « t ^ ^ 4.33°K f o r the diode 
parameters given i n the tables). However, a temperature maximum does exist i n 
the diode p region of 11°K but t h i s i s i n s u f f i c i e n t to contribute significant 
excess noise. Even i f the extreme possible values of p and n region thermal 
resistance are taken, the maximum temperature i n the p region i s about 30°K and 
excess noise from pung) heating i s s t i l l not si g n i f i c a n t . 
The p o s s i b i l i t y of heating i n the contact must now be considered. The 
highest possible t o t a l thermal resistance betv/een the contact and the heat 
sink (equation 9.8) i s 1000°I^W. Thus the maximum temperature r i s e above 
ambient i n an i n f i n i t e l y t h i n contact of resistance 0.5n i s T. = P. lOOO^ K, 
where P i s the pump power dissipated i n the diode, which f o r the SI>4/33 amplifier 
i s 13.3 raW at 15 cLB gain ( f i g . 9 . 5 ) , so T^ = 2.7°K. Thus, i f tg i s 7°K and t , 
i s 4«33°K then the maximum temperature i n region b i s 12°IC which i s again 
negligible as far as adding excess noise i s concerned. I f tg were at a much 
higher temperature (due perhaps to a high contact thermal resistance) then the 
p region i s a s u f f i c i e n t l y good insulator to maintain the n region at l i t t l e . 
above 4.2°K. For example, i f i s 50°K then t i w i l l be 4.34°K and the maximum 
temperature i s at the contact, so tha t ; f o r 15 amplifier gain: 
R Ic c ^ J T^  (x)dx = 5OR,. 25 c 0 
'^b " 26Rb = 2.6 
0 
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Initials 
»»»:»:»:»::;:: 
and T from equation 9.3 i s 4.43°K (heating i n regions a and d being 
n e g l i g i b l e ) . So, even i f the contact i s maintained at an improbably high 
temperature, the heating i n i t and other regions i s i n s u f f i c i e n t to explain 
the observed excess noise. A high temperature could conceivably occur i n the 
contact i f i t was of si g n i f i c a n t thickness and of s u f f i c i e n t l y low, temperature 
independent, thermal conductivity. The problem would then become very similar 
to considering the p region thermal conductivity as independent of temperature. 
I t i s noted that i f the thermal conductivity of gallium arsenide was 
taken as independent of temperature then much more heating would occur. This 
can be i l l u s t r a t e d by considering a single section of p type GaAs of length I , 
w ith both ends at T . Now T = T when x = 0 and x = I , so from equation 9.6: 
0 0 
T = ... 9.19 
gives the temperature p r o f i l e i n the section. So at x = — (maximum temperature 
due to symmetiy)s 
T, , = T + -£4- ... 9.20 (max) 0 4 
But, i f k y j i s proportional to T^  then equation 9.7 applies and the square of 
temperature p r o f i l e becomes: 
T 
2^0 - 2(T: + K l ) ^ 2 
* 2 2T^ - 2(TJ + K l ^ ) ^ 
and T, , at - i s given by? (max) c 
2 
T^(inax) » 2 7~k ... 9*22 
2T^ - 2(T; + K r ) 2 
Substituting the values of K and I for the diode p region i n equations 9.20 
and 9.22 gives T^ ^^ ^^ j equal to 171°K and 11°K respectively ( f o r T^ o 4,2°K). 
The heating i n the p region implied by a maximum temperature of 171 K would 
be s u f f i c i e n t to give an almost exact f i t between measured and theoretical 
noise temperatures. However, as has already been stated, equation 9.14 
cannot be applied to gallium arsenide (on the evidence of Holland) and the 
much lower temperature obtained from equations 9*7 and 9.22 must be accepted. 
Nevertheless, the p o s s i b i l i t y that the contact region has a large temperature 
independent thermal resistance, cannot be ruled out, and might permit 
s i g n i f i c a n t heating. 
83. 
Pump heating i n a diode should therefore not produce significant excess 
noise unless the gold contact on the diode p region has a veiy high, temperature 
independent, thermal resistance. I f the l a t t e r condition does not apply, i t 
i s d i f f i c u l t to explain more than a f r a c t i o n of a degree of excess noise, even 
considering the possible extremes of the diode thermal parameters as being 
applicable. I t i s noted however, that the pump power required f o r a given 
gain increases approximately as the square of the pump frequency (equation 
9*18) so that the significance of pump heating w i l l be increased for 
amplifiers at higher signal frequencies (and therefore higher pump frequencies) 
unless more e f f i c i e n t varactors are produced. 
9.2.6 Noise from the Pump Source 
Rapid amplitude and frequency fluctuations i n the pump 
supply w i l l be d i r e c t l y transferred to the signal output of the amplifier. 
Small frequency fluctuations should not be troublesome i f they are 
di s t r i b u t e d about a mean, since they v d l l merely change the amplifier centre 
frequency, which i s of no consequence when the noise temperature i s measured 
i n a f i n i t e bandwidth. The effect of amplitude fluctuations can be obtained 
d i r e c t l y from the expression r e l a t i n g diode Y value to pump voltage 
(equation 2.4). I f t h i s i n t e g r a l i s simplified, using a binomial expansion, 
then the mean square Y flu c t u a t i o n due to a fluctuation i n pump voltage. 
( v ^ ) , can be wr i t t e n : ^ p * 
( y 2 ) ^ at zero bias 
where i s the diode barrier potential and n i s the junction impurity 
p r o f i l e parameter. Now i f the mean square noise power per unit bandwidth of 
the pump source i s a factor 10^ down on the pump power level ( i . e . ION db 
down) then; 
(7) = V^.IO-^"B 
and the excess input noise temperature may be wr i t t e n : 
T 
2 / f \ 
= 1t4D- ^ T-1 equation 2.16) 4kBRg j 
T. . •^ 4-10-'" '^^f . . . 9 . 2 3 4kR e 
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This excess noise i s negligible i f N i s greater than 11, that i s i f the mean 
square noise power associated with the puinp source i s greater than 110 dB down 
on the pump power l e v e l . Slgures f o r Idystron noise are available (l&ieller 1954) 
and indicate that a noise power per u n i t bandwidth of - I50 dB or less, 
r e l a t i v e to the power output i s to be expected. Noise from a klystron pump 
source should therefore be negligible f o r parametric amplifiers. I t i s noted 
however, that were a s o l i d state source of microwave power used (e.g. a 
varactor m u l t i p l i e r or a Gunn diode) then care may have to be taken to ensure 
that the condition of N > 11 i s f u l f i l l e d . 
9»2.7 Noise at Related Frequencies 
I t has already been pointed out (section 8,4) that a 
termination at the upper-sideband frequency can be detrimental to ^ p l i f i e r 
noise temperature. However, i f care i s taken to ensure the absence of such 
a termination, so that the theoretical room temperature noise temperature i s 
achieved, then no excess noise should be added at 4°K, Even i f a f i n i t e 
termination does exist f o r the upper-sideband, xAiich might add a few degrees to 
the room temperature noise temperature, t h i s w i l l not add signifi-cant noise at 
4°K provided that the termination i s at 4°K. I f however, a room temperature 
upper-sideband termination, or an additional i d l e r termination at room 
temperature, can be seen by the diode of a cooled amplifier, then either of 
these terminations could add si g n i f i c a n t noise to a cooled amplifier. Room 
temperature terminations w i l l be evident i f the i d l e r or upper-sideband 
frequencies are allowed to propagate i n the pump or signal c i r c u i t s ! f i l t e r s 
must therefore be included i n these c i r c u i t s to prevent such propagation. 
Adequate f i l t e r s (see section 6.2) were present i n the signal and pump 
c i r c u i t s of both amplifiers f o r a l l the noise measurements described i n t h i s 
study. Noise from room temperature i d l e r or upper-sideband terminations should 
therefore not "te important. 
9.2.8 Reactance 
Reactance i n the signal and i d l e r c i r c u i t s does not i n i t s e l f 
degrade aniplifier noise temperature (see section 2), but w i l l mean that higher 
pump levels are required f o r a given amplifier gain. 
The effect of detiining i n the amplifier signal and i d l e r c i r c u i t s , on 
increasing the pump input to an amplifier was seen, i n the investigation of 
shot noise (section 8), to be negligible at room temperature. At 4°K however, 
the e f f e c t may be exaggerated because tuning of the amplifier for zero diode 
current i s usually impossible (since the diode current i s veiy low due to the 
increased contact p o t e n t i a l ) . The situ a t i o n i s further complicated by the fact 
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that an increase i n band-centre frequency w i l l occur on cooling, so that a 
device cannot be tuned at room temperature and expected to work at 4°K with the 
same pump frequency. A cooled amplifier i s thus usually tuned f o r least pump 
power, which i s a much less sensitive process than tuning f o r least diode 
current and may lead to a false tuning position because of reactance i n the 
pump feed. Such a false tuning position w i l l require an unnecessarily high 
pump power f o r a given gain, vjhloh. i n turn w i l l give an increased noise 
temperature by whatever process i s operative i n producing the punrp power 
dependent excess noise that has been observed, 
A noise temperature minimum with pump frequency was observed f o r both the 
amplifiers used i n the noise measurements and can thus be explained as 
representing the correct amplifier tuning position, with signal and i d l e r 
c i r c u i t s very near to resonance. 
9.2.9 Non-Ideal Circulators 
Apart from possessing resistive loss, which was measured after 
each noise measurement, the circulators used at 4°K are f a r from ideal (see ". 
section 4.3). Noise may also be transferred from the output to the input of a 
ci r c u l a t o r , due to poor i s o l a t i o n . I f the amplifier i s on port 2 of a 4 port 
c i r c u l a t o r ( f i g . 9.6a) then noise may be reflected back to the cooled load on 
port 4> i f the output VSWR i s poor. I f t h i s cooled load i s also poor, noise 
w i l l be fed i n t o the input c i r c u i t and a small proportion may be reflected 
back i n t o the a t r ^ j l i f i e r . Poor direct i s o l a t i o n between ports 3 and 2 may also 
r e s u l t i n reflected noise from the amplifier output or noise from the output 
termination reaching the amplifier input terminal. Measurement of the 
i s o l a t i o n between ports 3 and 2 does not distinguish between the two routes 
3 -»4 ->1 -•2 and 3 ->2, so these can be dealt with together. I f the measured 
i s o l a t i o n between ports 3 and 2 i s I ^ ^ and the voltage r e f l e c t i o n coefficient 
at the output i s T , then the noise pov/er at the output terminals due to 
r e f l e c t i o n and poor i s o l a t i o n i s N . = — - , where N i s the an5)lifier t o t a l 
P -i-3_2 f 
noise output. The amplifier input noise temperature may therefore be written, 
from equations 1.5 and 2.16 as: 
T,R r /Yf. \2" 
1 + 
T 
1 + "T + ^ ...9.24 I > 2 
Where G i s the amplifier gain. The term represents noise transfered 
d i r e c t l y from the output termination at temperature T^m. 
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I s o l a t i o n between ports 3 and 2 i s usually greater than 20 dB even with 
c i r c u l a t o r s f o r use at 4°K, since two transitions of the f e r r i t e material are 
involved (see measurements i n section 4» i s o l a t i o n between ports 2 and 1 
should be approximately one hal f that between 3 and 2) and. f o r the feed ^stem 
used, the output VSWR was better than 0.6 at any frequency from 3.8 to 4.2 GHz. 
The noise temperature i s therefore; 
T. a s "57" 
\ 1 
\ •'•2 ' 
1 + G.6.10 + 2.9 ... 9.25 
f o r the worst possible case ( l > 2 = 20 dB) with T^^^^ = 290°K, Excess noise 
hy r e f l e c t i o n from the output should therefore be negligible and the 2.9°K 
dir e c t from the output termination, due to poor i s o l a t i o n , can be eliminated 
\sj including a second cooled stage of amplification or a second cir c u l a t o r 
between port 3 of the f i r s t c i r c u l a t o r and the output l i n e . I f , however, a 
d i f f e r e n t c i r c u l a t o r configuration i s used and the amplifier i s placed on 
port 3 ( f i g . 9.6b) with a load on port 1, then i s o l a t i o n between ports 4 to 3 
may be less than 20 dB, since only one tr a n s i t i o n of the f e r r i t e material i s 
involved. The advantage of the other configuration (Fig. 9.6a) i s thus 
evident. 
The i s o l a t i o n between the two relevant circula t o r ports was 22 i 2 dB 
fo r a l l the noise measiirements on amplifier SD4/33 and greater than 30 dB f o r 
those on SD4/19. Thus 1.5°K (with a possible error of + 1.4 or -0.4°K) should 
be added, independent of amplifier gain, f o r amplifier SD4/33 and less than 
0.3°K f o r SD4/19. An additional cooled circulator was added to both amplifiers 
and less change i n noise temperature than the experimental error of the noise 
measurement, was observed i n each case. An additional noise of 1.5°K i s thus 
possible, but not confirmed i n the case of the SD4/33 device. 
I t i s concluded that reflected noise from the amplifier output and noise 
from the output termination, transferred i n each case to the amplifier input 
due to poor circulat o r i s o l a t i o n , was barely si g n i f i c a n t i n the circunistances 
of the.noise measurements. 
9.2.10 Excess Noise due to Fluctuations i n Characteristics vrtien 
Signals are Applied 
OMs form of noise has been detected i n resistors, diodes, 
and transistors by B u l l and Bozic (1966). Two "types can be distinguished! a 
white noise spectrum, analagous to shot noise but produced with A.C. signals 
and a noise of non-uniform spectrum increasing as the measurement frequency 
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approaches an applied signal frequency. The enhanced shot noise due to an 
A.C. signal may be wri t t e n as: 
( i ^ ) = const. IpB ... 9.26 
where Ip i s the current at the applied signal frequency. The second kind of 
noise can be represented by; 
2 
— Vp 
(v^) = const, ... 9.27 
where Vp i s the voltage at the applied signal frequency and Af i s the 
separation of the frequency under consideration from the applied signal 
frequency. 
A parametric amplifier has a strong pump frequency r e l a t i v e l y close to 
the weak signal to he amplified, so t h i s form of noise may be evident, 
p a r t i c u l a r l y at close pump and signal frequencies. I t i s noted that greater 
excess noise, over that expected from simple theory, i s detected for the 
SD4/19 amplifier than the SD4/33 
amplifier, vrhich i s contrary to the 
expectation of any other Icnown explanation of the excess noise (e.g. pump 
heating or shot noise from c a r r i e r storage) and might be a point i n favour of 
an explanation i n terms of t h i s form of noise. However, measurements on 
amplifiers at many other pump/signal frequency r a t i o s must be performed, 
preferably using the same diode or diodes i n each amplifier, before 
significance could be attached to t h i s observation. 
Bu l l and Bozic do not give values of the constants f o r equations 9*26 
and 9.27» so an estimate of the magnitude of t h i s noise cannot be made. 
9.3 Summary 
An excess noise of some 8 to 10°K dependent (at least i n part) on 
pump power l e v e l or amplifier gain, i s observed i n parametric amplifiers 
at 4°K. An attempt has been made to describe a l l the possible relevant noise 
sources, but a sati s f a c t o i y explanation of the excess noise i s s t i l l sought. 
The amount of noise expected from each noise source i s summarised i n the 
table following. 
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Table 9.3 
Summary of Possible Noise Sources 
Theoretical 
Source 
Magnitude °K 
(at amp. input) Comments 
SD4/33 SD4/19 
Thermal 2.5 4.6 -
Shot <0.1 <0.1 May be underestimated due to anomalous 
B.C. current measurement from carrier 
storage. 
Quantum 0.2 0.2 -
Capacitance <0.01 <0.01 -
Fluctuation 
Pump Heating <1.0 < 1.0 A high, temperature independent contact 
thermal conductivity could lead to more 
noise. 
Pump Source <0.01 <0.01 -
Related <0.01 <0.01 -
Frequencies 
Possible error of +1.4 or -O.4 for SD4/33 Non-Ideal 1.5 0.3 
Circulator 
Excess Noise - - Magnitude uncertain 
due to 
A.C. Signals 
Total 4.2 5.3 5.1 •* 6.2 
Measured 
1 
11 15 
Of these possible noise sources, i t i s seen that uncertainty exists i n the 
analysis of the type of noise described by B u l l and Bozic as excess noise due 
to fluctuations i n characteristics of diodes (or resistors and transistors) 
when signals are applied, and an explanation may be possible i n terms of t h i s 
form of noise. I n addition, the p o s s i b i l i t y that carrier storage, enhanced by 
the increased diode barrier p o t e n t i a l , gives anomalously low B.C. current 
readings at 4°K, cannot be ruled out. 
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Explanation of most of the excess noise i n terms of pump heating seems, 
however, to be excluded by a detailed analysis of t h i s phenomenon i n the 
various diode regions; unless the gold contact on the diode p region has a 
s u f f i c i e n t l y high, temperature independent, thermal resistance. Pump heating, 
may, however, be more si g n i f i c a n t at higher pump and signal frequencies 
(e.g. f o r amplifiers at m i l l i m e t r i c frequencies and above) i f similar 
varactors are used. 
9.4 Conclusions 
Parametric amplifiers can be realised at a signal frequency of 
4 GHz wit h input noise temperatures of 11°K ( i 2°K) at l i q u i d helium 
temperature. Including a cooled feed and circulator a noise temperature, at 
the input t o the feed, of 15°K has been measured f o r 15 dB amplifier gain. 
These figures indicate an excess noise of some 9°^, a satisfactoiy explanation 
of which i s s t i l l sought. 
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10. Future Trends 
10.1 General 
Cryogenically cooled microwave parametric amplifiers are bulky, complex 
devices and f o r t h i s reason are l i k e l y t o be superseded by a di f f e r e n t amplifier 
or be subject to improvement, at any given signal frequency, to allow operation 
at room tetnperature. Solid state t r a v e l l i n g wave amplifiers (not parametric 
M i p l i f i e r s e.g. Sumi I966), low noise transistor amplifiers, or solid state bulk 
ef f e c t devices may ul t i m a t e l y siipersede parametric amplifiers i n many applications, 
more p a r t i c u l a r l y so i f improvements of the type discussed i n parts 2-»4 of -tiiis 
section are not realised. 
The p o s s i b i l i t y of t r a v e l l i n g wave parametric amplification has been 
investigated f o r some time ( e a r l i e s t reference i s Engelbrecht 1959)» l^ut such 
devices have not progressed beyond the experimental stage, exhibiting a l l the 
disadvantages of present day single or balanced, varactor diode amplifiers with 
other disadvantages ( i n f e r i o r noise performance, bulky> complex) and few 
advantages, 
10.2 Integrated C i r c u i t s 
A f u l l y integrated parametric amplifier including i t s own pump 
sxQ)ply and c i r c u l a t o r may ultimately be achieved, with the obvious advantage of 
convenience and the additional advantage of increased operational bandwidth. 
The development of miniatiire "lumped" microwave c i r c u i t elements to replace 
currently used d i s t r i b u t e d elements, which are bulky and detrimental to bandwidth, 
i s an important factor i n the r e a l i s a t i o n of such devices. Also, as signal 
frequencies are increased, the impractioality of mounting a t i n y individual 
varactor becomes increasingly evident, and indeed, at 4 CHz, a si g n i f i c a n t 
bandwidth reduction may be introduced by diode mount strays. Bandwidth may be 
f u r t h e r increased and size reduced by eliminating detachable connectors between 
a c i r c u l a t o r and an amplif i e r , and the size of an overall amplifier system could 
be considerably reduced by integrating with a so l i d state source, such as the 
Gunn diode. Integrated parametric amplifier c i r c u i t modules are therefore a 
l o g i c a l extension of the a r t , 
A step towards integration might be achieved using existing varactors, 
with high self-resonant frequencies compared with the signal frequency. For 
example, two of the Mullard CXY10 (VX6508)i viiich have a large case capacitance 
and low series inductance, could be successfully incorporated i n one encapsulation 
to foim a balanced diode structure f o r use at 2^20 GHz, The proposed c i r c u i t i s 
shown i n f i g . 10.1, the vdiole of \diich i s inside one encapsulation. i s an 
inductance that w i l l be introduced from the interconnecting leads between the 
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two diodes and should be as low as possible, L 2 i s added between the junction 
of ijie two diodes and the case to resonate the nhole structure at the recpxired 
signal frequency.. The n»chanical structure of such a c i r c u i t might take the 
foxu of f i g , 10,2f K&ich could be enclosed i n a comparatively large encapsulation. 
Such an arrangement has numerous advantages. Fi r s t l y , the capacitance variation 
factor T(and hence amplifier gain^ • bandwid'Ui) is increased by a significant 
amount over -&at for a single encapsulated diode, !Zhis i s because the inductance 
La, flfcich resonates the structure to the signal frequency, isolates the 
encapsulation capacitance from the diodes at the signal frequency, T and gain^ . 
bandwidth may be increased by as much as one half i n this way. Secondly, 
ffli^t be less than that for a single diode i n a case, and hence the idler c i r c u i t 
Q would be reduced. Fizially, no additional tuning elements are required for the 
device to woik as a parametric aniplifier, but the addition of a single tuning 
element, as shown i n f i g . 10.3, would produce an amplifier with a double tuned 
input c i r c u i t , capable of giving a bandwidth i n excess of 10^ at 1 3 dB gain for 
a 4 GSz signal fjraquency. Only parallel inductance wotild be required to tune 
out the enoapoilation capacitance at a given signal frequeiKsy, but i n order to 
obtain Hie optimum L / C ratio for broad-band matching, additional capacitance 
may also have to be added, 
10.3 Reliability 
This i s dependent almost entirely on the r e l i a b i l i t y of present day 
pump sources, with the additional factor of ciyostat r e l i a b i l i t y for cooled 
devices. Elystrtms, particularly at h i ^ fTOquencies, with encumbent power 
supplies are expensive, canplicated, unstable, relatively unreliable and of 
short lif e t i m e , Ihe development of a ireliable solid state source of microwave 
power i s therefore an important goal related directly to parametric a c ^ l i f i e r 
development, 
10.4 lipproved Varactors 
Uncooled anrplifiers are relatively sin^e and have found many 
p l i c a t i o n s to date. The integration of such devices with solid state sources 
should lead to n»ny more applications. However, the need for ultra-low noise 
temperatures, as i n sa t e l l i t e comnamications or radio astronomy, cannot be met 
at present without cooling devices to 20*^ K or less. Improved varactor quality 
factors (Yfg) would remove the need for cooling i n many applications, and also 
allow operation at h i ^ e r frequencies. For example f i g . 2 . 9 shows that a Tf^ 
of 60 GHz would produce a noise temperature of 4 7 ^ for an uncooled 4 CSz 
amplifier, or waild permit operation at 30 (Ha with a noise temperature of 
360*k (uncooled) or 9 2 ^ cooled to 7 7 ^ . Such a quality factor may be realised 
9 2 . 
with new forms of diodes using new materials or techniques giving increased }f 
and/or cut-off frequency, for exaxople hyper-ahrupt junction diodes using new 
diffusion techniques (Sukegawa, Fujikawa and Nishizawa I963 and Antell I968) 
metal-semiconductor diodes, (so-called Shottky barrier diodes, OxLey and Summers 
1966, Foxell and Svunmers I966) or space charge diodes (Howson, Owen and Wright 
1965). The use of integrated unencapsulated diodes would i n i t s e l f , realise 
higher Y values, due to the reduction of static parasitic capacitance, 
Althou^ varactor quality may improve, the demand for low noise amplifiers 
at yet higher frequencies w i l l no douht occur, so that the techniques of cooling 
to low temperatures and the factors discussed i n this study which l i m i t noise 
temperature at these temperatures, would s t i l l be relevant. 
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